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PREFACE 
 
This presented research work covers the molecular beam epitaxial growth, material 
characterizations, and solar water splitting performance of low-dimensional III-nitride 
and transition metal dichalcogenide nanostructures. The manuscripts included in this 
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1. Yongjie Wang, Yuanpeng Wu, Kai Sun, and Zetian Mi. Quadruple-band metal-
nitride nanowires for high efficiency photocatalytic overall solar water splitting. 
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2. Yongjie Wang, Srinivas Vanka, Jiseok Gim, Yuanpeng Wu, Ronglei Fan, Yazhou 
Zhang, Jinwen Shi, Mingrong Shen, Robert Hovden, and Zetian Mi. An 
In0.42Ga0.58N tunnel junction nanowire photocathode monolithically integrated on 
a nonplanar Si wafer. Nano Energy, 57, 405-413, 2019. (Chapter IV) 
3. Yongjie Wang, Yuanpeng Wu, Jonathan Schwartz, Suk Hyun Sung, Robert 
Hovden, and Zetian Mi. A single junction cathodic approach for stable unassisted 
solar water splitting. Under review. (Chapter V) 
4. Yongjie Wang, Jonathan Schwartz, Robert Hovden, and Zetian Mi. High 
efficiency, stable unassisted solar water splitting on semiconductor photocathodes 
protected by multi-functional GaN nanostructures. In preparation. (Chapter VI) 
5. Yongjie Wang, Songrui Zhao, Yichen Wang, David Arto Laleyan, Yuanpeng Wu, 
Bin Ouyang, Pengfei Ou, Jun Song, and Zetian Mi. Wafer-scale synthesis of 
monolayer WSe2: A multi-functional photocatalyst for efficient overall pure water 
splitting. Nano Energy, 51, 54-60, 2018. (Chapter VII) 
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ABSTRACT 
 
Mimicking the natural photosynthesis process, the direct conversion of solar energy 
into hydrogen fuel via unassisted water splitting process is one of the key sustainable 
technologies for future clean, storable, and renewable source of energy. An essential step 
of artificial photosynthesis is solar water splitting, which can be achieved by either 
photocatalytic or photoelectrochemical approach. A theoretical solar-to-hydrogen (STH) 
conversion efficiency ~27% has been predicted for a double-junction photoelectrode 
consisting of a 1.70 eV top junction and a 1.05 eV bottom junction (e.g. silicon) under 
AM 1.5G one-sun illumination. To date, however, there has been no demonstration of 
such efficient and stable device for photocatalytic or photoelectrochemical water splitting, 
which has been largely limited by the lack of semiconductor photoelectrodes that can 
operate efficiently and stably under visible light and can be directly integrated onto Si 
wafers. 
III-nitride semiconductors, including GaN, InN, and InxGa1-xN compounds, have 
recently emerged as highly promising materials for solar fuel conversion due to the 
tunable bandgaps from 0.65 to 3.4 eV by varying the indium compositions, which can 
cover nearly the entire solar spectrum. Moreover, the band edges of InGaN compounds 
can straddle the required chemical potentials for water reduction and water oxidation 
reactions with indium incorporation up to 50% (bandgap ~1.7 eV). In addition, III-nitride 
semiconductor nanostructures grown by molecular beam epitaxy can exhibit N-
termination, which is highly stable in harsh photocatalysis condition, protecting 
photoelectrode surfaces against photocorrosion, which is one major issue for practical 
solar water splitting devices and systems.  
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In this dissertation, we investigate the MBE growth, electronic and optical properties, 
and photocatalytic and photoelectrochemical performance of low-dimensional III-nitride 
and transition metal dichalcogenide (TMDC) nanostructures. Relatively high STH 
efficiency (>5%) photocatalytic water splitting has been demonstrated on monolithically 
integrated multi-band InGaN nanowires grown on nonplanar Si wafers. We also report on 
the demonstration of an InGaN nanowire photocathode for efficient proton reduction 
reaction, demonstrating a maximum applied bias photon-to-current efficiency (ABPE) 
~4%, which is nearly one order of magnitude higher than the previously reported values 
for III-nitride photocathodes in solar water splitting. With the incorporation of an InGaN 
tunnel junction structure, we have achieved an improved unassisted solar water splitting 
in two-electrode configuration, demonstrating a true STH efficiency ~3.4% with ~300 
hours stability, which is the highest efficiency value ever achieved in a single-junction 
photocathode for unbiased photoelectrochemical water splitting. To achieve solar water 
splitting with both high efficiency and long-term stability, we have further developed 
GaN-protected GaInP2/GaAs/Ge triple-junction (GaN/3J) photocathode, which can 
exhibit an STH efficiency ~12.6%. The monolithic GaN/3J photocathode exhibits 
relatively good stability (>50 hours) in unassisted solar water splitting, which is the best 
reported stability for multi-junction photocathodes with >10% STH efficiency for true 
unassisted solar water splitting. In addition, two-dimensional TMDC materials, e.g. 
tungsten diselenide (WSe2), have been recently reported as potentially low-cost and bi-
functional photocatalysts for solar water splitting. Wafer-scale synthesis of monolayer 
WSe2 is demonstrated in this work by molecular beam epitaxial growth, which can 
exhibit multi-functionality in overall solar water splitting, including extraordinary 
capacities for efficient light harvesting, water oxidation reaction, and proton reduction 
reaction. Work presented in this thesis provides a new approach for achieving high 
efficiency and highly stable solar water splitting using the commonly used 
semiconductors, e.g. silicon and gallium nitride.  
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CHAPTER I 
 
Introduction 
 
1.1 Background of Solar Water Splitting 
Fossil fuels, such as coal, oil, and natural gas, have been used for decades to provide 
the majority of global primary energy.[1] However, it takes millions of years to gradually 
form such resources and there is only a limited amount on earth. In recent years, such 
non-renewable fuels start challenging our steady and dependable supply of energy due to 
the difficult mining and rising price. Moreover, carbon dioxide and other harmful gases 
excreted from consuming conventional fossil fuels lead to the depletion of ozone and 
irreversible pollution of environment.[2] Therefore, it is of critical importance to develop 
renewable and environment-friendly energy systems. Solar and hydrogen energies can 
potentially address such issues, since solar is abundant and free and hydrogen has no 
negative effect on environment. Solar water splitting is an artificial photosynthesis 
process to provide chemical fuels from solar energy to solve future energy and 
environmental issues.[3, 4] The dissociation of water molecules to H2 and O2 provides a 
simple approach to solar-to-fuel conversion with using only sunlight. Extensive efforts 
have been devoted to designing low-cost and stable solar water splitting cells, which are 
still far from the commercial target, i.e. 10% solar-to-hydrogen (STH) efficiency and 
2000 hours stability.[5] 
Semiconductor photoelectrode, as an artificial leaf, plays a significant role in the 
transduction of energy from solar irradiation to chemical fuels.[6] The semiconductor 
captures solar energy to generate free electrons and holes with sufficient potentials to 
accomplish the chemical reactions of water splitting. Transition metal oxides[7-10], e.g. 
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TiO2, ZnO, Cu2O, and CoOx, and Group III-V[11-15], e.g. InP, GaInP, and GaAs, 
semiconductors have been extensively studied for solar water splitting. Unfortunately, 
these semiconductors have detrimental drawbacks and cannot met the requirements of 
solar water splitting in large scale for long duration. Transition metal oxides are usually 
stable in solar-to-fuel conversion but its efficiency is much below 1% because it is 
generally active only under ultraviolet (UV) radiation due to the large energy gap.[16] As 
for III-V semiconductors, small and direct bandgap materials could provide high solar-to-
hydrogen efficiency in the range of 5-20%.[17] However, their stability is extremely poor, 
due to photo-corrosion which prevents any practical large-scale production.[18] 
Recently, III-nitride semiconductors, including GaN, InN, and their ternary alloys 
(InxGa1-xN), have attracted intensive attention for solar water splitting due to their direct 
bandgaps, tunable band edge positions, and extreme chemical stability.[19] As shown in 
Figure 1.1, the conduction band minimum (CBM) of GaN is more negative than the 
proton reduction potential, and its valence band maximum (VBM) is more positive than 
water oxidation potential, making GaN one of the very few materials that can drive 
overall water splitting without any external bias.[4] More importantly, it is possible to 
form InGaN ternary semiconductors with tunable band diagram. High-quality InGaN 
crystal can be synthesized with excellent photon absorption and large carrier mobility to 
realize high-efficiency solar-to-hydrogen conversion via water splitting under solar 
irradiation.[20] 
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Figure 1.1 Band edge positions of III-nitrides, WSe2, and other widely used semiconductors for solar water splitting. 
Long term stability is essential for reliable solar water splitting devices, which has 
been elusive due to detrimental corrosion and decomposition issues of semiconductor 
photocatalysts and photoelectrodes in harsh solar water splitting environment.[21] TiO2 
or metal films as surface protection layers have been deposited on high efficiency III-V 
photocathodes,[17, 22, 23] achieving improved stability performance in three-electrode 
measurement, but not for unassisted water splitting. Therefore, novel surface protection 
layer is urgently required for long-term unassisted solar water splitting. Molecular beam 
epitaxy (MBE) grown III-nitride semiconductors with N-terminated surface have 
demonstrated to be stable in harsh water splitting environment,[24-26] which can 
potentially protect high efficiency photoelectrodes against corrosion. 
In addition, cocatalyst nanoparticles at semiconductor surface play an important role 
in extracting photo-generated charge carriers and driving efficient solar water splitting 
reactions, by suppressing surface charge recombination, reducing potential losses, and 
improving overall efficiency.[24, 27] Noble metal (oxide) nanoparticles are currently 
best-reported cocatalysts for water splitting reactions, e.g. Pt and Ru for water reduction 
reaction; IrOx and RuOx for water oxidation reaction.[11, 17, 21, 22, 25] However, they 
have high price and insufficient reserve on earth, whereas low cost and earth abundant 
4 
 
catalyst is essentially required for scalable solar hydrogen conversion systems. Recently, 
two-dimensional (2D) transition metal dichalcogenide (TMDC) materials have emerged 
as efficient and stable photocatalysts for solar water splitting.[28, 29] The challenges 
include the limiting area of TMDC 2D layers grown by conventional chemical vapor 
deposition (CVD) or mechanical/chemical exfoliation.[30] In this research, wafer-scale 
synthesis of monolayer WSe2 is demonstrated using MBE growth,[31] enabling the 
studies on TMDC photocatalysts for solar water splitting.  
 
1.2 Mechanisms of Solar Water Splitting 
1.2.1 Photocatalytic (PC) water splitting 
Photocatalytic water splitting requires the separation and extraction of photo-
generated electrons and holes, to drive water oxidation reaction, equation (1-1), and 
water/proton reduction reaction, equation (1-2), simultaneously,[21, 32] as illustrated in 
Figure 1.2. Therefore, such semiconductors need to have large bandgaps (Efc – Efv > 1.23 
eV) for driving water reduction and water oxidation reactions and show less charge 
carrier recombination for efficient extraction and transfer to semiconductor/electrolyte 
interface.[32] Wide bandgap metal oxide semiconductors, e.g. TiO2,[33] can drive 
photocatalytic overall water splitting, but with very low efficiency due to large bandgap 
only absorbing high energy ultraviolet light. To absorb as much solar energy as possible 
the semiconductor should have relatively small energy gap. The tradeoff between strong 
light absorption and large photo-voltage needs to be considered. Therefore, advanced 
semiconductor photocatalyst systems with tunable energy bands are urgently required for 
high efficiency wireless solar water splitting. In addition, the chosen semiconductors 
should be catalytically active for water redox reactions or additional cocatalysts, e.g. 
Rh/Cr2O3, CoOx, and IrOx, are generally required to facilitate water splitting reactions.[7, 
19, 34]  
2H2O + 4h+  4H+ + O2, -5.68 eV vs. vacuum at pH=0                         (1-1) 
2H+ + 2e-  H2, -4.45 eV vs. vacuum at pH=0                                 (1-2) 
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Figure 1.2 The principle of photocatalytic water splitting. (a) Fundamental steps for water splitting by solid-state 
photocatalysts. (b) Important factors in cocatalyst-loaded powder photocatalysts.  
1.2.2 Photoelectrochemical (PEC) water splitting 
Different from photocatalytic water splitting, photoelectrochemical water splitting 
separates water reduction reaction and water oxidation reaction that can occur on the 
surfaces of two different materials.[35, 36] Figure 1.3 illustrates three widely used 
configurations for PEC water splitting: (a) Water oxidation reaction occurs on an n-type 
semiconductor (photoanode) with surface band bending up for holes transferring towards 
the semiconductor/electrolyte interface, which is connected to a platinum wire (counter 
electrode) for water reduction reaction. (b) Water reduction reaction occurs on a p-type 
semiconductor (photocathode) with surface band bending down for electron diffusion 
into the interface, which is connected to a metal wire (counter electrode) for water 
oxidation reaction. And if integrating (a) and (b) together, (c) water oxidation and 
reduction reactions can occur simultaneously on the surface of an n-type semiconductor 
(photoanode) with surface band bending up and on the surface of a p-type semiconductor 
(photocathode) with surface band bending down, respectively. Configurations (a) and (b) 
have similar bandgap requirements to photocatalytic water splitting, but it only requires 
each semiconductor to be catalytically active for a single reaction, either water reduction 
or water oxidation, which makes more materials, with simple cocatalyst deposition, 
suitable for solar hydrogen production. For configuration (c), the requirements of large 
photovoltage depending on bandgaps can be divided into two parallel semiconductors 
with a smaller photovoltage. This allows for the utilization of small bandgap 
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semiconductors, which can produce higher photocurrent due to more light absorption, as 
an alternative to achieve high-efficient solar-to-hydrogen conversion. 
 
Figure 1.3 Energy diagrams of photoelectrochemical water splitting using (a) a photoanode, (b) a photocathode, and (c) 
both photoanode and photocathode connected in series. The band gaps are depicted smaller in (c) to emphasize that 
semiconductors with a narrow band gap can be employed.  
1.2.3 Cocatalyst 
Separation and extraction of photogenerated charge carriers with low recombination 
is an important step for solar water splitting in both photocatalytic and 
photoelectrochemical configurations. To accelerate the utilization of energetic 
photocarriers to drive solar water splitting at the semiconductor/electrolyte interface 
before annihilation by surface recombination, a thin layer of cocatalyst, usually 
composed of noble metal (oxide) nanoparticles, is often deposited at semiconductor 
surface to facilitate water redox reactions. In addition, cocatalysts can reduce potential 
losses at semiconductor/electrolyte interface. For example, Pt and Rh/Cr2O3 nanoparticles 
are widely used for water reduction reaction,[34, 37] and IrOx is frequently deposited for 
water oxidation reaction.[19] However, current cocatalysts are generally derived from 
noble metals that are very expensive. Moreover, their catalytic performance is still 
unideal, especially for water oxidation reaction.[19, 38] Recently, two-dimensional (2D) 
transition metal dichalcogenide (TMDC) layers have shown to exhibit highly catalytic 
performance to facilitate the extraction of photo-generated charge carriers for water 
splitting reaction.[29] But the lack of large-area growth of atomic TMDC layers impedes 
their applications for solar water splitting.[30] Compared to conventional chemical vapor 
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deposition or mechanical/chemical exfoliation methods, MBE has shown promising 
potential to grow TMDC 2D layers on a wafer scale as an emerging photocatalyst for 
solar water splitting.  
 
1.3 Challenges for Solar Water Splitting 
1.3.1 Energy band requirements and light absorption 
Overall solar water splitting has stringent requirements on the electronic energy band 
structures, shown in Figure 1.1. Significantly, the energy band structure of 
photoelectrode/photocatalyst semiconductors is required to straddle water redox 
potentials thermodynamically.[21] The conduction band edge should be more negative 
than water reduction potential (0 V vs. RHE in pH ~0 solutions), providing the chemical 
overpotential, 0.1~0.3 eV, to drive proton reduction reaction for H2 gas production.[39-41] 
The valence band edge should locate more positive than water oxidation potential (1.23 V 
vs. RHE in pH ~0 solutions), providing the chemical overpotential, 0.4~0.7 eV, to drive 
water oxidation reaction for O2 gas production, which is normally a bottleneck for water 
splitting.[41-43]  
The energy band and light absorption requirements pose serious limitations on 
selecting semiconductor materials for achieving efficient unassisted solar water splitting. 
Wide bandgap semiconductors can satisfy the requirements on band edge positions and 
enough chemical overpotential. However, only high energy ultraviolet light can be 
absorbed, which generally exhibit very low energy conversion efficiency <1%. On the 
other hand, semiconductor materials with small energy gap cannot straddle the water 
redox reaction potentials, even though strong light absorption can take place. Therefore, 
it is urgently required to modify the electronic bands of conventional photoelectrode 
semiconductors or explore novel semiconductors with tunable energy bands, such as 
Group III-V and III-nitride materials.[4, 35, 44] In addition, the required chemical 
overpotential could be reduced by using the most active cocatalyst deposited on 
electrode/electrolyte interface.[41] For proton reduction reaction on photocathode, small 
size Pt nanoparticles reduce its chemical overpotential below 0.1 eV.[39] For photoanode 
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driving water oxidation reaction, the reported cocatalyst, IrOx, RuOx, and NiOx, still 
requires chemical overpotential >0.3 eV,[41] which is the limit for efficient overall water 
splitting. Moreover, the deposition of such cocatalyst nanoparticles requests extra 
complex processing, wherein the uniformity, distribution, and stability may not be 
precisely controlled.  
For realistic solar fuel conversion, it is urgently required to drive unassisted solar 
water splitting under visible light.[35] Due to the stringent requirements on electronic 
bands of photocatalysts and photoelelctrodes, there have been intensive studies on 
modifying the electronic band structures for improved solar water splitting. For example, 
black TiO2 has been reported for significantly improved optical absorption properties. 
Metal doping, dye sensitization, and forming metal organic frame have been used to 
prepare black TiO2.[44] However, there has no demonstration on black TiO2 for efficient 
unassisted solar water splitting, mainly due to strong surface pinning and charge carrier 
recombination. For comparison, Group III-nitride semiconductors with tunable energy 
gap and band edge positions are ideally suited for unbiased solar water splitting in pH ~7 
electrolyte solutions with an indium incorporation up to ~40%.[45, 46] In addition, MBE-
grown III-nitride nanostructures, with N-terminated surface, has been demonstrated to be 
stable in harsh water splitting environment and can protect photoelectrode against 
corrosion.[24, 25]  
1.3.2 Charge carrier separation and extraction 
Charge carrier separation and extraction is another important factor determining the 
energy conversion efficiency of solar water splitting systems.[27] The process involves 
the separation of photo-excited electron-hole pairs and efficient charge carrier transfer to 
the semiconductor/electrolyte interface, shown in Figure 1.4. To date, there have been 
very few reports achieving the light-limited photocurrent for unassisted solar water 
splitting.[22, 23] To overcome such an efficiency bottleneck, bulk and surface charge 
recombination should be suppressed. For example, charge carrier separation can be 
facilitated by the build-in electric field, which can enable efficient water splitting reaction.  
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Figure 1.4 Schematic illustration on an n-type semiconductor photoanode of charge carrier photo-excitation, transfer, 
extraction for water oxidation reaction.  
Cocatalyst nanoparticles have been often deposited on the photoelectrode surface for 
driving water splitting reactions efficiently. Noble metal (oxide) generally demonstrates 
the best catalytic performance, which, however, is very expensive and unfeasible for low 
cost solar hydrogen production on a large scale. There have been intensive studies on 
non-noble transition metals, e.g. NiOx, FeOx, CoOx, MoS2, MoSe2, and CdS,[29, 40, 41, 
47] as potential low cost cocatalysts. Nevertheless, their catalytic performance has not 
surpassed noble metals and their long-time stability has remained elusive. In addition, 
multi-functional surface passivation layer can be deposited to reduce the surface charge 
recombination. For example, n-type GaN nanofilm has been demonstrated on n+p-Si 
photocathode for efficient charge carrier transfer and reduced surface charge 
recombination.[25]  
1.3.3 Long term stability 
Long term stability is the necessity of realistic solar hydrogen conversion devices,[18, 
48] which, however, has not been demonstrated, mainly due to serious photocorrosion of 
semiconductor materials in harsh electrolyte solution. GaInP/GaInAs tandem 
photocathodes can exhibit STH efficiency >15%.[17, 22] However, there is no stability 
demonstration on such high efficiency photoelectrodes. On the other hand, although TiO2 
can protect Si, InP, and GaAs photoelectrodes[18, 48, 49] by demonstrating long-term 
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stable operation, these photoelectrodes cannot drive unassisted solar water splitting. 
Therefore, it is very urgent to address the stability issue by exploring new materials with 
chemical inert property as the photoelectrodes or as the surface protection layer for high 
efficiency photoelectrodes. MBE-grown GaN nanostructures have N-terminated 
surface,[24, 26] which has been demonstrated to be stable in harsh water splitting 
environment and can protect the buried junctions effectively against corrosion.  
 
1.4 Solar Water Splitting Performance Evaluation 
1.4.1 Photocatalytic water splitting 
1.4.1.1 Solar-to-hydrogen conversion efficiency 
For overall water splitting, STH conversion efficiency is defined as the chemical 
energy of generated H2 gas divided by the solar energy of incident light.[50] The STH 
efficiency for photocatalytic water splitting devices can be calculated by Eqn. (1-3) using 
the Gibbs free energy (237 kJ mol-1) of H2. In addition, the incident light spectra should 
be close to the standard AM 1.5G solar spectra. To obtain STH efficiency correctly, it is 
required to demonstrate stoichiometric H2 and O2 gas evolution, without adding any 
sacrificial reagents.  
STH =  [𝐻𝐻2 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 �𝜇𝜇𝜇𝜇𝑔𝑔𝜇𝜇 ℎ−1 𝑐𝑐𝜇𝜇−2�×237 𝑘𝑘𝑘𝑘 𝜇𝜇𝑔𝑔𝜇𝜇−1
𝑔𝑔𝑔𝑔𝑐𝑐𝑔𝑔𝑖𝑖𝑔𝑔𝑔𝑔𝑔𝑔 𝑠𝑠𝑔𝑔𝜇𝜇𝑔𝑔𝑔𝑔 𝑝𝑝𝑔𝑔𝑝𝑝𝑔𝑔𝑔𝑔 (𝜇𝜇𝑚𝑚 𝑐𝑐𝜇𝜇−2)×𝑔𝑔𝑔𝑔𝜇𝜇𝑔𝑔 (3600 𝑠𝑠 ℎ−1)]𝐴𝐴𝐴𝐴1.5𝐺𝐺            (1-3) 
where the energy density of H2 gas is represented by its Gibbs free energy (237 kJ mol-1), 
the incident solar power should be measured using light power meter or calibrated by the 
manufactory.  
For the currently reported photocatalytic devices, the incident light used in the 
experiments may vary from AM 1.5G spectrum to single-wavelength laser or ultraviolet 
(UV) light using different short-pass filters and from one sun intensity to concentrated 
illumination, which have significant effect on the reported efficiency values. Therefore, it 
is important to compare any efficiency values under comparable conditions, e.g. solar 
spectra, light intensity, and electrolyte solutions. As demonstrated in Table 1.1, III-nitride 
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semiconductors have shown an STH efficiency >3%. However, metal oxide photocatalyst 
systems generally have a limited efficiency <1.5%.  
Table 1.1 STH efficiency of previously reported photocatalytic systems for overall water splitting. 
Materials Cocatalyst Electrolyte Light STH 
(%) 
Stability 
(hours) 
Year 
[Ref.] 
Double-band 
In0.22Ga0.78N/GaN 
Rh/CrOx Pure water 32 suns 3.3 2 2018 [51] 
SrTiO3:Al Rh/CrOx Pure water 300W Xe 
lamp 
0.4 4 2018 [52] 
TiO2:Ta/N 
SrTiO3:Rh 
Ru - RuO2 1 mM NaIO3 
1 mM FeCl3 
One sun 0.02 15 2017 [53] 
SrTiO3:La, Rh/C 
/BiVO4:Mo 
Ru - RuOx Pure water One sun 1.2 6 2017 [54] 
Bi4NbO8Cl 
SrTiO3:Rh 
Pt - RuOx Fe3+/Fe2+ 
redox 
300W Xe 
lamp 
<0.4 24 2016 [55] 
SrTiO3:La, Rh/Au 
/BiVO4:Mo 
Ru/Cr2O3/a-TiO2 Pure water One sun 1.1 10 2016 [56] 
GaN nanowires Rh/CrOx Pure water 27 suns <1 22 2015 [57] 
SrTiO3: Rh, Sb 
BiVO4:Mo 
IrO2/CoOx 1 mM H2SO4 300W Xe 
lamp 
0.01 30 2014 [58] 
Si/TiO2 Pt - IrOx 0.5 M H2SO4 1.5 suns 0.12 4.5 2013 [59] 
 
1.4.1.2 Apparent quantum yield 
Apparent quantum yield (AQY) is an extension from the STH efficiency to evaluate 
and compare the photocatalytic performance of different photocatalysts or under different 
experimental conditions. AQY is defined by the number of reacted electrons, equal to 
two times number of evolved H2 molecules, divided by the number of incident photons 
using Eqn. (1-4).[60] Unlike the H2 gas production measured by a gas chromatograph 
machine, it is usually difficult to obtain the number of incident photons, since real-time 
spectrum of a lamp is not easy to measure. Generally, we can measure the power density 
of incident light, which is divided by the photon energy to estimate the number of 
incident photons. 
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𝐴𝐴𝐴𝐴𝐴𝐴 (%) =  2 × 𝑔𝑔(𝐻𝐻2)
𝑔𝑔𝑖𝑖𝑖𝑖
 × 100%                                          (1-4) 
where n(H2) is the number of evolved H2 gas production and nin is the number of incident 
photons, which can be estimated by integrating the photon flux.  
1.4.1.3 Photocatalytic stability 
High efficiency and stable solar water splitting is one significant step of artificial 
photosynthesis for solar fuel conversion to solve the energy and environment crisis in 
future. Stabilized photocatalytic water splitting needs to generate stable and 
stoichiometric H2 and O2 gas production. In photocatalytic water splitting experiment, 
both H2 and O2 should be monitored for a desired time to evaluate its stability. The 
observed linear gas production can confirm the photocatalyst is stable for overall water 
splitting. In addition, to avoid heating effect, multiple cycles of solar water splitting 
experiments can be conducted, instead of continuous measurement. 
1.4.2 Photoelectrochemical water splitting 
1.4.2.1 Solar-to-hydrogen conversion efficiency 
STH conversion efficiency is a critical parameter to evaluate the performance of solar 
water splitting devices, including photocatalytic overall water splitting and 
photoelectrochemical unassisted water splitting. For photoelectrodes, STH efficiency for 
unassisted water splitting needs to be measured in two-electrode configuration without 
any sacrificial reagents, by using Eqn. (1-5), at zero bias vs. a counter electrode.[21, 31] 
STH =  [𝑘𝑘𝑝𝑝ℎ �𝜇𝜇𝐴𝐴 𝑐𝑐𝜇𝜇−2�×1.23𝑉𝑉
𝑃𝑃𝑖𝑖𝑖𝑖 (𝜇𝜇𝑚𝑚 𝑐𝑐𝜇𝜇−2) ]𝐴𝐴𝐴𝐴1.5𝐺𝐺                                 (1-5) 
where Jph is the measured photocurrent at zero bias in a two-electrode configuration, and 
Pin is the power density of incident light illumination. As demonstrated in Table 1.2, 
multi-junction III-V materials have demonstrated very high STH efficiencies for 
unassisted solar water splitting. However, they are highly unstable in harsh photocatalysis 
environment, which is impossible for any practical application.  
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Table 1.2 STH efficiency of previously reported high efficiency photoelectrodes for unassisted solar water splitting. 
Materials STH efficiency (%) Unbiased stability (h) Protection layer Year [Ref.] 
Rh-TiO2-AlInP/GaInP-
/GaInAs/GaAs-RuOx 
19.3 0.5 TiO2 2018 [22] 
PtRu-GaInP/AlInP/GaInP-
GaInP/GaInAs 
16.2 0.4 n-GaInP 2017 [17] 
Pt-metal/n+p-GaAs &  
IrOx-metal/p+n-GaAs 
13.1 N/A ohmic metal layer 2017 [11] 
Pt-TiO2-3J-SUS-IrO2 11.2 2 TiO2 2017 [61] 
Pt-TiO2-Dye cDBR/ITO|  
Pt-BiVO4/WO3 
7.1 10 TiO2 2016 [62] 
Rh/AlInP-GaInP/GaInAs-RuO2 14 0.04 N/A 2015 [23] 
Pt/GaInP2/GaAs 12.4 10 N/A 1998 [15] 
 
1.4.2.2 Applied-bias photon-to-current efficiency 
Many PEC experiments are measured in three-electrode configuration, wherein STH 
conversion efficiency cannot be derived. In this regard, applied-bias photon-to-current 
efficiency (ABPE) is defined to evaluate the performance for solar water half reactions, 
either water reduction reaction for a photocathode or water oxidation reaction for a 
photoanode, which can be calculated using Eqn. (1-6) and Eqn. (1-7), respectively. It is 
of importance to note that ABPE measurement is not the true solar water splitting 
efficiency, even though it is an important diagnostic tool. Regardless the values of ABPE, 
the measured results under dark should be negligible compared to that under light. 
ABPE (%) =  𝑘𝑘𝑝𝑝ℎ �𝜇𝜇𝐴𝐴∙𝑐𝑐𝜇𝜇−2� × 𝑉𝑉𝑎𝑎𝑝𝑝𝑝𝑝 (𝑉𝑉 𝑣𝑣𝑠𝑠.  𝑅𝑅𝐻𝐻𝑅𝑅)
𝑃𝑃𝑖𝑖𝑖𝑖 (𝜇𝜇𝑚𝑚∙𝑐𝑐𝜇𝜇−2)  × 100%                     (1-6) 
where Jph is the measured photocurrent of a photocathode in a three-electrode 
configuration, Vapp represents the external electric bias (V vs. RHE), and Pin is power 
density of the incident light (100 mW cm-2 in this work).  
ABPE (%) =  𝑘𝑘𝑝𝑝ℎ �𝜇𝜇𝐴𝐴∙𝑐𝑐𝜇𝜇−2� ×�1.23− 𝑉𝑉𝑎𝑎𝑝𝑝𝑝𝑝 �(𝑉𝑉 𝑣𝑣𝑠𝑠.  𝑅𝑅𝐻𝐻𝑅𝑅)
𝑃𝑃𝑖𝑖𝑖𝑖 (𝜇𝜇𝑚𝑚∙𝑐𝑐𝜇𝜇−2)  × 100%              (1-7) 
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where Jph is the measured photocurrent of a photoanode in a three-electrode configuration, 
Vapp represents the external electric bias (V vs. RHE), and Pin is power density of the 
incident light (100 mW cm-2 in this work).  
1.4.2.3 Incident photon-to-current efficiency 
Another important merit for photoelectrochemical devices is the incident photon-to-
current efficiency (IPCE), which can be integrated to provide an estimation of the STH 
maximum limiting value under ideal conditions. The IPCE includes effects such as 
photon absorption on photoelectrode semiconductors, charge carrier separation and 
transfer, and water splitting reactions on the electrode/electrolyte interface. In the 
measurement, the photocurrent is measured under monochromatic light, with or without 
external electrical bias. We can divide the measured photocurrent by incident photon flux, 
using following Eqn. (1-8), for IPCE calculation. Since IPCE provides the performance at 
a specific wavelength, it is very important to design complex photoelectrodes, by 
integrating multiple semiconductors with different bandgaps, to improve the overall 
energy conversion efficiency.  
IPCE (𝜆𝜆) =  𝑘𝑘𝑝𝑝ℎ �𝜇𝜇𝐴𝐴∙𝑐𝑐𝜇𝜇−2� × 1239.8 (𝑉𝑉∙𝑔𝑔𝜇𝜇)
𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑚𝑚 (𝜇𝜇𝑚𝑚∙𝑐𝑐𝜇𝜇−2)×𝜆𝜆 (𝑔𝑔𝜇𝜇)  × 100%                          (1-8) 
where Jph is the measured photocurrent of a photoelectrode in two-/three-electrode 
configuration, 1239.8 (V·nm) represents the multiplication of Planck’s constant and light 
speed in vacuum, Pmono stands for the power intensity of incident monochromatic light, 
and λ is the wavelength of incident monochromatic light.  
1.4.2.4 Faradaic efficiency 
H2 gas production during solar water splitting experiments can be measured by using 
a gas chromatograph. In addition, the ideal gas production can be predicted using Eqn. 
(1-9) based on the Faraday’s law of water electrolysis.[63, 64] Therefore, we can 
calculate the theoretical H2 gas production by assuming the unity faradaic efficiency (η = 
1), compared to the measured values. When the measured H2 production and the 
calculated values are in agreement, the faradaic efficiency is confirmed to be nearly unity.  
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𝐻𝐻2 production =  0.5 ×  ∫ 𝑘𝑘𝑝𝑝ℎ𝑖𝑖𝑔𝑔𝑡𝑡0 𝐹𝐹  ×  η                                  (1-9) 
where Jph is the measured photocurrent during solar water splitting experiments, t is the 
experiment time for solar water splitting, F represents the Faraday constant (96485 C 
mol-1), and η is the faradaic efficiency.  
1.4.2.5 Photoelectrochemical stability 
Long-term stability is the necessity of realistic solar hydrogen conversion devices, 
which, however, has not been demonstrated, mainly due to serious photocorrosion of 
conventional semiconductor materials in harsh electrolyte solution that is more preferred 
for efficient water redox reactions. Ideally, the photoelectrode can drive unassisted solar 
water splitting in two-electrode configuration, wherein chronoamperometry (CA) 
measurement should be conducted for the photocurrent at zero bias versus the counter 
electrode. However, most semiconductor photoelectrodes are not able to drive unassisted 
solar water splitting, wherein the CA measurement can be performed at the point of 
highest output power (Pmax). It also requires to use stable lamp for light illumination and 
consistent testing environment especially the heating effect under light for long time. As 
demonstrated in Table 1.3, currently reported high efficiency photoelectrodes for 
unassisted solar water splitting have very limited stability <0.5 hours even with surface 
protection layer. TiO2, MoS2, and metal films have demonstrated some improved stability 
in three-electrode measurements, shown in Table 1.4, which, however, cannot drive 
unassisted solar water splitting without external bias.  
 
Table 1.3 Summarized stability of previously reported high-efficiency photocathodes measured in three-electrode (3E) 
configuration for half-cell water reduction reaction and in two-electrode (2E) configuration for unassisted solar water 
splitting, and the comparison with the multifunctional GaN/3J photocathode presented in this work. All measurements 
were performed under AM 1.5G one-sun illumination.  
Materials STH efficiency Electrolyte 
3E 
stability 
2E 
stability 
Surface 
protection Ref. 
Inverted metamorphic  
PtRu-GaInP/GaInAs 
16.2% H2SO4 10 hours 0.5 hour TiO2 [17] 
Pt-AlInPOx/AlInP/ 14% HClO4 16 hours <0.5 hour Rh film/ [23] 
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GaInP/GaInAs AlInPOx 
Pt-metal/n+p-GaAs cathode & 
IrOx/metal/p+n-GaAs anode 
13.1% H2SO4 10 hours <0.5 hour Metal film [11] 
Ru-TiO2/oxide/AlInP/GaInP/ 
GaInAs/GaAs 
19.3% KH2PO4/K
2HPO4 
50 hours 0.5 hour TiO2 [22] 
 
Table 1.4 Summarized stability of previously reported stable photocathodes for half-cell water reduction reaction, but 
unable to perform unassisted solar water splitting. The stability measurement was performed in three-electrode (3E) 
configuration.  
Materials Type Electrolyte ABPE 3E stability Surface protection Ref. 
Pd/TiO2/b-Si photocathode H2SO4 0.24% 100 hours TiO2 [65] 
Pt/GaN/n+p-Si photocathode H2SO4 10.5% 120 hours GaN [25] 
Pt/metal/n+p-GaAs photocathode H2SO4 17% 8 days Metal [11] 
MoS2/GaInP2 Photocathode K2SO4 1% 70 hours MoS2 [66] 
NiCrOx/TiO2/p+n-Si Photoanode KOH 0.2% 2200 hours TiO2 [48] 
Ni/TiO2/p+n-Si Photoanode KOH 5.6% 100 hours TiO2 [18] 
 
1.5 Overview of the Dissertation 
The focus of this dissertation research is on MBE growth of III-nitride nanowires and 
transition metal dichalcogenide (TMDC) two-dimensional nanostructures and their 
applications towards high efficiency and stable solar water splitting.  
Chapter I introduces the background and importance of solar water splitting on 
semiconductors to meet the increasing demand of clean, renewable energy on a global 
scale. Different configurations, including photocatalytic and photoelectrochemical, to 
achieve solar water splitting are described. Stringent requirements and challenges for 
high efficiency and stable solar water splitting are discussed, together with the 
performance evaluation methods.  
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Chapter II presents an overview of the unique advantages of MBE, including 
heterostructure formation, abrupt doping profile, impurity-free interface, and the 
formation of N-terminated surface in N-rich environment. Advanced techniques for 
material characterizations, optical properties, and photocatalytic measurements of low-
dimensional III-nitride and TMDC nanostructures are briefly discussed.  
Chapter III reports monolithically integrated quadruple-band InGaN nanowire arrays 
for photocatalytic overall water splitting, which achieves a record STH efficiency of 
~5.2%. To our best knowledge, it is the first time for metal nitride nanostructures 
demonstrating such high efficiency for direct photocatalytic water splitting. The 
monolithic multi-band In0.35Ga0.65N/In0.27Ga0.73N/In0.20Ga0.80N/GaN nanowire arrays are 
integrated on a nonplanar silicon wafer for enhanced light absorption. Moreover, a 
doping gradient is introduced along the lateral dimension of the nanowires, which forms a 
built-in electric field and promotes efficient charge carrier separation and extraction for 
water redox reactions. This work demonstrates a novel strategy using multi-band 
semiconductor nanostructures for artificial photosynthesis and solar fuel conversion with 
significantly improved performance. 
Chapter IV presents a relatively efficient p-type In0.42Ga0.58N nanowire photocathode, 
which is monolithically integrated on an n-type nonplanar Si wafer through a GaN 
nanowire tunnel junction. The open pillar design, together with the nonplanar Si wafer 
can significantly maximize light trapping, whereas the tunnel junction reduces the 
interfacial resistance and enhances the extraction of photo-generated electrons. The 
nanowire photocathode exhibits a photocurrent density of 12.3 mA cm-2 at 0 V vs. RHE 
and an onset potential of 0.79 V vs. RHE under AM 1.5G one-sun illumination. The 
maximum applied bias photon-to-current efficiency reaches 4% at ~0.52 V vs. RHE, 
which is nearly one order of magnitude higher than the previously reported values for III-
nitride photocathodes. Significantly, no performance degradation was measured for over 
30 hours solar water splitting with a steady photocurrent density ~12 mA cm-2 without 
using any extra surface protection, which may be attributed to the spontaneous formation 
of N-terminated surfaces of InGaN nanowires to protect against photocorrosion. 
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In Chapter V, we show that a single junction approach of p-type In0.25Ga0.75N 
nanowires monolithically integrated on an n-type Si wafer through an n++/p++-InGaN 
tunnel junction can drive relatively efficient and stable unassisted water splitting under 
AM 1.5G one-sun illumination. A photocurrent density of 2.8 mA cm-2 is measured at 
zero bias vs. platinum counter electrode in a two-electrode configuration, which 
corresponds to a true STH efficiency of 3.4%. Of importance, no performance 
degradation has been observed for ~300 hours unassisted solar water splitting without 
using any extra surface protection layers. Beyond this demonstration, such InGaN 
nanowire tunnel junction photocathode can be integrated with a narrow bandgap junction, 
e.g. Si or GaAs, to form a double-junction tandem photoelectrode to achieve further 
improved efficiency for long-term stable solar water splitting. 
Chapter VI reports a multi-functional GaN nanostructure protected GaInP2/GaAs/Ge 
triple-junction (GaN/3J) photocathode, demonstrating a 12.6% STH efficiency for solar 
water splitting without any external bias. The multi-functional GaN nanostructure not 
only significantly reduces the charge transfer resistance at semiconductor/electrolyte 
interface but also protects buried III-V materials against corrosion. Moreover, stable solar 
water splitting has been achieved for 80 hours in three-electrode configuration and 57 
hours in two-electrode measurement at zero bias, requiring no extra surface protection 
layers, which is the best reported stability for multi-junction photocathodes with >10% 
STH efficiency. In future, such multi-functional GaN nanostructure proposes a new 
approach to further improve the STH efficiency, especially for tandem devices, for 
realistic unassisted solar water splitting at large scale. 
Chapter VII reports the van de Waals epitaxy of crystalline monolayer WSe2 on large 
area amorphous SiOx substrates. We have demonstrated, for the first time, the multi-
functionality of monolayer WSe2 in solar water splitting, including extraordinary 
capacities for efficient light harvesting, water oxidation, and proton reduction. The 
absorbed photon conversion efficiency exceeds 12% for a single monolayer WSe2. We 
have shown that wafer-scale WSe2 monolayer sample could be directly grow on 
amorphous substrates by MBE with precise layer control and can exhibit superb optical 
properties and catalytic performance. This work provides a viable strategy for wafer-scale 
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synthesis of multi-functional photocatalysts for the development of efficient, low cost, 
and scalable solar fuel devices and systems. 
Finally, Chapter VIII briefly summarizes the current work of solar water splitting on 
low-dimensional III-nitride and TMDC nanostructures presented in this dissertation. 
Possible future work is further proposed for achieving significantly improved efficiency 
for solar water splitting and carbon dioxide reduction.  
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Chapter II 
 
Molecular Beam Epitaxial Growth and Characterizations of III-Nitride Nanowires 
and Transition Metal Dichalcogenide 2D Layers 
 
2.1 Introduction 
Molecular beam epitaxy (MBE) has been widely used for the growth/synthesis of 
high-purity, high-quality semiconductor nanostructures, with atomic level control of the 
interface and thickness. Compared to conventional metal-organic chemical vapor 
deposition (MOCVD) to grow III-V semiconductors or chemical vapor deposition (CVD) 
to deposit TMDC layers, MBE offers unique advantages of large-area growth, 
heterostructures, abrupt doping profile, and pristine interface.[67] Moreover, N-
terminated surfaces can be formed for III-nitride nanostructures,[24] which makes it very 
stable in harsh photocatalysis conditions.  In this chapter, we first provide an overview of 
the MBE systems to grow low-dimensional III-nitride and TMDC nanostructures, then 
discuss the state-of-the-art techniques used for crystal structures and optical properties. 
We will also review the experimental techniques of photocatalytic and 
photoelectrochemical water splitting measurements.  
 
2.2 Overview of Plasma-Assisted Molecular Beam Epitaxy 
MBE distinctly differs from other material growth/deposition systems due to its 
precise flux control for atomic layer growth and abrupt doping profiles.[67] MBE growth 
has been utilized in various materials systems, including III-nitride, III-V, and II-VI 
materials. The system discussed and used in this work is a nitrogen plasma-assisted 
21 
 
epitaxy system shown in Figure 2.1 and 2.2. Ultra-high vacuum conditions are 
maintained with a background vacuum level on the order of 1E-11 Torr. This ensures 
MBE grown materials to have far superior optical and electrical properties than 
previously used vacuum evaporation techniques. Unlike other vacuum evaporation 
techniques, the substrate heater can be heated to high temperatures (~1000oC) which is 
ideal for the epitaxy of large bandgap (e.g. AlN and GaN) materials. Typically, liquid 
nitrogen is used to ensure efficient heat dissipation, and some source cells are cooled with 
chilled water. The MBE used in this work was equipped with different source effusion 
cells for gallium (Ga), indium (In), aluminum (Al), and selenium (Se), wherein a nitrogen 
plasma is derived from an ultra-purity (6N) nitrogen source. In addition, different dopant 
cells are integrated for n-type doing by silicon (Si) or germanium (Ge) and p-type doping 
by magnesium (Mg). 
 
Figure 2.1 Veeco Gen II plasma-assisted molecular beam epitaxy system. 
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Figure 2.2 Veeco GenXplore plasma-assisted molecular beam epitaxy system equipped with a Telemark ebeam 
evaporator. 
These MBE systems are capable of growing various types of materials. Even within 
the same material system, there is a considerable amount of diversity regarding structural 
characteristics. As an example, MBE can epitaxially grow different quantum structures 
like quantum wells, nanowires, or quantum dots. Each of such nanostructures has unique 
structural characteristics even if all of them are III-nitride-based. The presented work 
mainly focuses on III-nitride nanowires on planar or nonplanar Si wafers, and transition 
metal dichalcogenide 2D layers on amorphous SiOx/Si or sapphire substrates.  
 
2.3 Characterization Techniques 
2.3.1 Photoluminescence 
Photoluminescence (PL) spectroscopy is the measurement of light emission on 
semiconductor materials after photo-excitation process, which has been widely used to 
estimate the energy gap of semiconductor materials. In this work, we generally measure 
room-temperature PL spectrum of MBE-grown InGaN nanowires to estimate the energy 
gap and average indium compositions. In addition, PL characterization is widely used to 
identify the shallow impurities in semiconductors, wherein the linewidth of PL peak 
indicates the material crystallinity and interface quality.[68] PL spectroscopy, including 
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steady-state and time-resolved PL, can give information about the separation and 
recombination of photoinduced charge carriers, as PL essentially originates from the 
electron–hole recombination.[69] In general, high-intensity steady-state PL spectroscopy 
indicates efficient radiative recombination of electrons with holes.  
2.3.2 Energy gap of InGaN alloys 
Group III-nitride semiconductors have been intensively studied in electronic and 
optoelectronic devices due to the unique tunable energy band structures.[70] The direct 
bandgap of InxGa1-xN ternary alloys can be estimated by using Vegard’s law as described 
by Eqn. (2-1).  
𝐸𝐸𝑔𝑔(𝐼𝐼𝐼𝐼𝑥𝑥𝐺𝐺𝐺𝐺1−𝑥𝑥𝑁𝑁) = 𝑥𝑥 ∙ 𝐸𝐸𝑔𝑔(𝐼𝐼𝐼𝐼𝑁𝑁) + (1 − 𝑥𝑥) ∙ 𝐸𝐸𝑔𝑔(𝐺𝐺𝐺𝐺𝑁𝑁) − 𝑏𝑏 ∙ 𝑥𝑥 ∙ (1 − 𝑥𝑥)         (2-1) 
where b is the bowing parameter and its value typically varies between 1.3 and 1.4.[71, 
72] In this study, the energy gap of InGaN nanowires was estimated from 
photoluminescence measurements. The indium compositions were then derived using 
Eqn. (2-1), correlating the energy bandgap values vs. In concentrations with a bowing 
parameter of 1.3 or 1.4. In this dissertation work, the indium composition of InxGa1-xN 
ternary nanostructures can be accurately estimated in the range of 20% to 60% based on 
PL spectrum and Eqn. (2-1).  
2.3.3 Raman spectroscopy 
Using Raman spectroscopy we are able to differentiate between various phases of a 
material with the same chemistry or regions of different chemical composition of a 
sample.[73] It can be used to study the incorporation of impurities on a crystalline matrix, 
to measure stress distribution in a sample, or monitor phase transitions, with temperature 
or pressure. As previously reported,[74] Raman scattering can be correlated with the Mg 
doping level in GaN nanostructures, which helps to form n++/p++-GaN tunnel junction 
structure by quickly indicating the sufficient Mg doping or not. For two-dimensional 
materials,[31, 75] like graphene and WSe2, Raman has been widely used to determine the 
number of deposited layers. It can also be used to image regions of different chemistry or 
structure. Its main limitation is that its intensity is very weak compared to the elastically 
scattered light and even to luminescence.[76] 
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2.3.4 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is the technique to analyze emitted electrons 
of a specimen after X-ray bombardment, using an Mg Kα (1253.6 eV) or Al Kα (1486.6 
eV) X-ray source. Generally, X-ray penetrates the specimen atom orbits and only the 
surface electrons can emit for analyzing the kinetic energy. Using XPS, different 
chemical bonding and electronic band structures can be determined. In addition, atomic 
composition can be measured using integrated area under the measured peaks in XPS 
spectrum.[31] XPS is one widely used non-destructive technique for surface analysis.[73] 
For example, XPS can be used to determine the surface Fermi level of III-nitride 
nanowires in photocatalytic water splitting research,[57] and the chemical bond and 
atomic composition in TMDC 2D materials.[31]  
2.3.5 Scanning electron microscopy 
By scanning the sample with high-energy electron beam (1-40 keV), sample and 
incident electrons interact to produce secondary electrons, backscattered electrons, and 
characteristic X-rays for analysis in scanning electron microscopy (SEM).[77]Therefore, 
SEM can image structural morphology and determine elemental compositions, with 
tunable magnification up to 1000K, corresponding to nanometer resolution. In this 
dissertation research, SEM is widely used to characterize the morphology of III-nitride 
nanostructures.  
2.3.6 Transmission electron microscopy 
Transmission electron microscopy (TEM) has been used to characterize materials at 
ultrahigh spatial resolution for morphology, elemental distribution, crystal structure, 
defects etc.[78] Ultrahigh energy (80-300 keV) electron beam passes through very thin 
sample specimen and forms images. Conventional (TEM) using a broad electron beam 
and scanning transmission electron microscope (STEM) with focused electron spot are 
two generally used modes for material characterization at atomic resolution.[73] High 
angle annually dark field scanning transmission electron microscope (HAADF-STEM) 
imaging collects incoherently scattered electrons at high angles, providing unique 
contrast with varied atomic number or specimen thickness. In this work, HAADF-STEM 
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imaging is used to determine the morphology, crystal structure, and elemental 
distribution of III-nitride and TMDC nanostructures. 
 
2.4 Photocatalytic and Photoelectrochemical Measurements 
2.4.1 Photocatalytic water splitting 
Photocatalytic overall water or seawater splitting measurements were conducted in a 
vacuum chamber exposed to concentrated AM 1.5G solar spectrum with a measured 
intensity of 2339 mW/cm2, which is about 23 suns. Such incident light of high intensity 
was applied in this work to mainly saturate the defect states in photocatalytic materials 
and enable the realistic photocatalytic device with low cost at large scale for solar 
hydrogen production in future artificial photosynthesis industry.[79] The measurement 
chamber is partially filled with 70 mL pure water or seawater electrolyte solution, with 
the immersed InGaN photocatalyst sample located at the bottom, was pumped down 20 
minutes before exposing to light illumination. Pure water or seawater solution was 
purged ahead using argon gas flow for 30 minutes before any experiments. The 
production of H2 and O2 gases from solar water splitting on InGaN nanowires were 
analyzed by injecting the sampling into a gas chromatograph machine (GC-8A, Shimazdu) 
equipped with a thermal conductivity detector (TCD) with ultrahigh purity argon carrier 
gas. Seawater solution was artificially prepared by dissolving 27.2 g NaCl, 3.8 g MgCl2, 
1.6 MgSO4, 1.4 g CaSO4, 0.6 g K2SO4, 0.2 g K2CO3, and 0.1 MgBr2 into 500 mL 
deionized pure water. 
2.4.2 Photoelectrochemical water splitting 
Photoelectrochemical (PEC) measurements were conducted in both three-electrode 
and two-electrode configuration in 0.1~0.5 M H2SO4 electrolyte solution equipped with a 
Newport solar simulator with AM 1.5G filter and one-sun intensity. The Ag/AgCl 
reference electrode was only used for three electrode measurements, and a platinum 
counter electrode for both configurations. Gamry and EC-Lab potentiostat device was 
used to perform all the PEC measurements including linear sweep voltammetry, 
chronoamperometry, electrochemical impedance spectroscope, chronopotentiometry, and 
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open circuit potential tests. H2 gas production from solar water splitting on III-nitride 
based photocathodes was analyzed by injecting 1 mL gas sampling into a Shimazdu gas 
chromatograph (GC-8A). For long-term stability experiment over several days, the 
electrolyte was periodically refreshed to avoid accumulated heating effect. 
 
2.5 Summary 
This chapter provides an overview of the MBE system, with unique advantages 
including heterostructure formation, abrupt doping profile, impurity-free interface, 
relatively low growth temperature, and N-terminated surface for GaN nanostructures. 
Then, state-of-the-art characterization techniques, e.g. PL, Raman, XPS, SEM, and TEM 
are reviewed for characterizing the energy band structure, crystalline structure, and 
optical properties of low-dimensional III-nitride and TMDC nanostructures. In the last 
part, photocatalytic and photoelectrochemical measurements are described to perform 
solar water splitting experiments. 
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CHAPTER III 
 
Quadruple-Band Metal-Nitride Nanowires for High Efficiency Photocatalytic 
Overall Solar Water Splitting 
 
3.1 Introduction 
Photocatalytic water splitting is a wireless approach to convert solar energy directly 
to hydrogen fuels, which is an essential step of artificial photosynthesis.[60, 80-82] 
Unlike photoelectrochemical water splitting that generally requires the integration of two 
(photo)electrodes in highly conductive electrolyte, water redox reactions can occur on the 
same surfaces of a light absorber in photocatalytic overall water splitting in nearly pH 
neutral solutions,[31, 82, 83] such as pure water or seawater, thereby promising large 
scale practical application. Direct photocatalytic water splitting has stringent 
requirements on the electronic band structure of the semiconductor light absorbers:[27, 
31] the conduction and valence band edges must straddle water redox reactions with 
sufficient chemical overpotentials for proton reduction and water oxidation, 
respectively,[79, 84] while the energy bandgap should be sufficiently narrow for efficient 
sunlight harvesting. In spite of intensive studies on photocatalytic water splitting,[56, 83, 
85-87] most of the semiconductor light absorbers reported to date do not possess suitable 
band edge positions for overall water splitting under visible light illumination.[16, 88] 
For example, metal oxides, such as TiO2, InNiTaO4, SrTiO3, GaN/ZnO, and 
LaMgTaO2,[52, 87, 89-91] can only absorb a small part of solar spectrum due to their 
large bandgap, whereas narrow band gap semiconductors, such as Si, GaAs, and InP,[92-
94] do not possess suitable band edge positions to drive overall water splitting. Intensive 
studies have been performed to extend the energy bands of various wide bandgap 
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materials to enhance the efficiency of photocatalytic solar water splitting, such as black 
TiO2 by metal doping, dye sensitization, or adding surface hydroxyl groups, but with 
limited success.[57, 95-97] To date, the solar-to-hydrogen conversion efficiency is 
generally limited to <0.5% for single-band metal-oxide photocatalysts (see 
Supplementary Table 3.1). Efficiency up to 5% has been reported with the use of CoOx 
nanoparticles but the stability is limited to ~30 mins.[82] Z-scheme photocatalytic 
systems using two-step photo-excitation, in principle, can overcome the unsuitable 
energy band structure for water redox reactions. For example, SrTiO3/BiVO4 has been 
studied for improved photocatalytic performance.[54, 56] However, the energy 
conversion efficiency is still limited to ~1% (see Supplementary Table 3.1). 
Recently, metal-nitride semiconductors, e.g. InxGa1-xN (noted as InGaN), have drawn 
significant attention for photocatalytic water splitting.[51, 98-102] The energy bandgap 
of InGaN can be continuously varied from ultraviolet, through the visible, to the near-
infrared, covering nearly the entire solar spectrum. Significantly, the energy band edge 
positions of InGaN can straddle water redox potentials for a large range of alloy 
compositions (up to indium compositions ~40-50%), which corresponds to an energy 
bandgap ~1.7-2 eV.[4, 46, 70] GaN-based materials have also been widely used in 
electronics and photonics industries, being the 2nd most produced semiconductor (next to 
only silicon).[103] Since the first demonstration of photocatalytic overall water splitting 
on GaN nanostructures, significantly improved performance has been reported by 
engineering the surface charge properties through p-type dopant incorporation and 
surface Fermi level tuning.[34, 57, 104] The wide bandgap (~3.4 eV) of GaN, however, 
greatly limits its light absorption capacity only in ultraviolet illumination. To enhance its 
visible light absorption, InGaN can be integrated forming the double-band structure as 
demonstrated previously.[26, 98] In addition, Mg doping gradient in III-nitride 
nanostructures can form the built-in electric field facilitating charge carrier separation 
and extraction.[4, 51] Recently, photocatalytic overall water splitting with an STH 
efficiency up to 3.3% has been demonstrated with the use of double-band InGaN/GaN 
nanowire structures.[51, 98] However, in these studies the indium composition is limited 
to ~22% or less, corresponding to an energy gap >2.6 eV, which can only absorb photons 
in the blue spectrum. Albeit photocatalytic water splitting with photon absorption up to 
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560 nm has been reported for InGaN nanowire photocatalyst,[105, 106] the reported 
efficiency is still very low, largely due to the inefficient separation and extraction of 
photo-generated charge carriers.  
In this work, we have investigated the design and performance of multi-band 
InGaN/GaN nanowire arrays for photocatalytic overall solar water splitting. The 
monolithically integrated quadruple-band InGaN nanowire photocatalyst consists of Mg-
doped (p-type) In0.35Ga0.65N (Eg ~2.1 eV), In0.27Ga0.73N (Eg ~2.4 eV), In0.20Ga0.80N (Eg 
~2.6 eV) and GaN (Eg ~3.4 eV) segments, which are grown on nonplanar silicon wafers 
by plasma-assisted molecular beam epitaxy (MBE) and can effectively absorb ultraviolet 
and visible portion of the solar spectrum. The use of a nonplanar Si wafer allows for the 
controlled formation of Mg doping gradient along the lateral dimension of the nanowire 
structures. The resulting built-in electric field steers photo-generated electrons and holes 
to the proton reduction and water oxidation sites, respectively, thereby leading to more 
efficient charge carrier separation and suppressed recombination and back reaction. An 
STH conversion efficiency of ~5.2% was achieved on such quadruple-band InGaN 
nanowire photocatalyst. The artificial photosynthesis device presented in this study offers 
a unique platform for achieving high efficiency, scalable solar-to-fuel conversion, 
including solar water splitting and reduction of carbon dioxide (CO2) to hydrocarbon 
fuels.   
 
3.2 Results and Discussions 
3.2.1 Schematic designing of quadruple-band nanowires 
Illustrated in Figure 3.1a is the schematic conduction and valence band edge positions 
of GaN, In0.4Ga0.6N, and InN, and their respective alignments to the water redox 
potentials, represented by hydrogen evolution reaction (HER) and oxygen evolution 
reaction (OER) in pH neutral water solution.[45, 107, 108] It is seen that InGaN alloys 
with indium compositions up to ~40% can meet the stringent electronic and 
thermodynamic requirements for overall water splitting and therefore have the potential 
to drive overall solar water splitting in pH neutral electrolyte solutions without sacrificial 
reagents.[45, 108] The overall photocatalytic water splitting system presented in this 
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study is illustrated in Figure 3.1b, showing the monolithic integration of InGaN nanowire 
arrays on a nonplanar silicon wafer. Schematic of the ideal quadruple-band InGaN 
nanowire structure and ideal light splitting diagram is further depicted in Figure 3.1c. 
Indium compositions in each band are 0%, 20%, 27%, and 35%, corresponding to energy 
bandgap of ~3.4 eV, ~2.6 eV, ~2.4 eV, and ~2.1 eV, respectively, which could absorb 
solar photons with wavelengths up to ~600 nm. For comparison, previously reported 
photocatalytic devices can only absorb high energy photons (2.8~3.5 eV) for overall 
water splitting,[4, 109, 110] which limits their energy conversion efficiency. In addition, 
the use of a nonplanar wafer in this work offers several benefits. It leads to enhanced 
light trapping and absorption,[111, 112] and allows for the direct exposure of lateral 
surfaces of nanowire arrays to normal sunlight illumination. As such, an inverted multi-
band structure is studied, with the narrower bandgap light absorber placed atop. 
Schematically shown in Figure 3.1d is the monolithically integrated quadruple-band 
In0.35Ga0.65N/In0.27Ga0.73N/In0.20Ga0.80N/GaN nanowire used for photocatalytic overall 
water splitting in this study. Such a stacking sequence was found to be easier to grow by 
plasma-assisted MBE (see Section 3.3.2).  
Significantly, due to the use of a nonplanar Si wafer and the formation of nanowires 
vertically aligned to the local surfaces (Figure 3.1b), only one side of the nanowires is 
directly exposed to Mg flux during epitaxial growth, schematically shown in Figure 3.1d. 
As such, an Mg doping gradient is spontaneously formed along the nanowire lateral 
dimension, which introduces a built-in electric field, shown in Figure 3.1e.[51] It is seen 
that photo-generated electrons migrate towards the lightly Mg-doped side for proton 
reduction reaction, whereas photo-generated holes drift to the more heavily Mg-doped 
surface for water oxidation reaction. The rapid separation and extraction of photo-
generated electrons and holes to the respective cathodic and anodic surfaces can 
significantly reduce charge carrier recombination and further suppress any back reaction, 
thereby leading to enhanced efficiency for solar water splitting.  
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Figure 3.1 Schematic design and structural properties of monolithic multi-band metal nitride nanowire arrays 
for photocatalytic overall water splitting in nearly pH neutral electrolyte solution. (a) Band edge positions of GaN, 
InN, and their InGaN compounds. In pH ~7 liquid solution, InGaN alloy with indium incorporation up to 40% can 
straddle the water redox reaction, noted as Region 2. Higher indium incorporation (Region 1) makes InGaN compounds 
unsuitable for overall solar water splitting. (b) Schematic illustration of photocatalytic water splitting on InGaN 
nanowire arrays monolithically integrated on a nonplanar Si wafer. (c) Schematic illustration of ideal light absorption 
on the multi-band InGaN stacks with varied indium compositions. (d) Schematic of the quadruple-band InGaN 
nanowire. p-Type dopant originating from the tilted Mg effusion cell (relative to the nanowire orientation) leads to the 
Mg doping gradient profile in lateral direction of the nanowires, which can introduce a built-in electric field, illustrated 
in (e), for efficient charge carrier separation and extraction for water redox reactions.   
3.2.2 Morphology and optical properties of InGaN nanowires 
Scanning electron microscope (SEM) images of metal-nitride nanowires grown on 
planar and nonplanar Si wafers are shown in Figures 3.2a and 3.2b, respectively. InGaN 
nanowires grown on a nonplanar Si wafer improve the hydrophilic property, shown in 
Supplementary Figure 3.5, which may promote efficient mass diffusion during solar 
water splitting. Strong photoluminescence (PL) emission of InGaN nanowires with 
various indium compositions were measured at room temperature, shown in Figure 3.2c, 
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confirming the excellent material quality. By varying the growth conditions (see Section 
3.3.2), their energy bandgaps can be tuned from ~3.4 eV to ~2.1 eV, corresponding to PL 
emission wavelengths from ~370 nm to ~580 nm, respectively.[70-72] For the PL 
emission at ~580 nm, the corresponding indium composition is ~35%.  
 
Figure 3.2 Properties and photocatalytic performance of single-band metal nitride nanowires grown on planar 
or nonplanar Si wafers, with different doping levels by varying the Mg effusion cell temperature. Electron 
microscope images of InGaN nanowires grown on planar and nonplanar Si wafers. (a) Scale bar: 1 µm. (b) Scale bar: 1 
µm. (c) Room-temperature photoluminescence (PL) spectrum of single-band InGaN nanowires with varied indium 
compositions of ~20%, ~27%, and ~35%, corresponding to an energy gap of ~2.6 eV, ~2.4 eV, and ~2.1 eV, 
respectively. (d-f) Summarized H2 gas production of photocatalytic pure water splitting on single-band p-In0.20Ga0.80N 
(d), p-In0.27Ga0.73N (e), and p-In0.35Ga0.65N (f) nanowires with varied Mg effusion cell temperatures on planar and 
nonplanar Si wafers.  
3.2.3 Photocatalytic performance of single-band nanowires 
We have first performed photocatalytic water splitting studies on individual single-
band InGaN nanowire arrays with various indium compositions and Mg-dopant 
incorporation (see Section 3.3). The photocatalytic water splitting performance of p-
In0.20Ga0.80N, p-In0.27Ga0.73N, and p-In0.35Ga0.65N nanowires are summarized in Figures 
3.2d-f, respectively. Recent studies suggested that Mg doping plays a critical role on the 
photocatalytic performance of III-nitride materials for overall solar water splitting.[3, 57]  
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Therefore, we have first investigated and optimized the Mg doping effect on solar 
hydrogen production by varying Mg flux (controlled by the Mg effusion cell temperature). 
The optimum Mg cell temperatures were identified to be 265 oC, 260 oC, and 250 oC for 
In0.20Ga0.80N, In0.27Ga0.73N, and In0.35Ga0.65N, respectively. An optimum level of Mg 
dopant concentration is required to minimize the surface band bending for the efficient 
extraction of photo-generated charge carriers, as reported previously.[3, 51, 57] The 
optimum Mg doping levels, however, depend on indium composition and growth 
conditions. It is observed that 20-40% higher hydrogen production rate was measured for 
InGaN photocatalysts grown on nonplanar Si wafers compared to those on planar Si 
wafers under optimized conditions, due to, in part, the enhanced charge carrier separation 
and extraction (Figure 3.1e). The photocatalytic performance for InGaN nanowires under 
visible light irradiation has been further confirmed by utilizing various long-pass filters 
(see Supplementary Figure 3.6).  Supplementary Figure 3.7 shows the effect of Mg 
doping of p-GaN nanowires on solar hydrogen production, which is consistent with 
previous reports.[57] 
3.2.4 Overall pure water splitting of quadruple-band nanowires 
We have subsequently studied quadruple-band metal-nitride nanowire photocatalyst 
by monolithically integrating p-In0.35Ga0.65N, p-In0.27Ga0.73N, and p-In0.20Ga0.80N together 
on p-GaN segment (see Figure 3.1d), which can absorb incident light with wavelengths 
up to ~600 nm. Prior to the demonstration of quadruple-band structure, we first studied 
the photocatalytic performance of triple-band metal-nitride nanowires for overall solar 
water splitting (see Section 3.4.2.1 and Supplementary Figure 3.8). Shown in Figure 3.3a 
are the SEM images of quadruple-band InGaN nanowires grown on a nonplanar Si 
substrate. The flower-shaped morphology of InGaN nanostructures can maximize the 
side surface exposed to incident light illumination. The multi-band InGaN nanowires 
were further characterized by scanning transmission electron microscopy (STEM) and 
energy-dispersive X-ray spectroscopy (EDX). Shown in Figure 3.3b, the brighter contrast 
in the top region of the nanowire indicates more indium incorporation due to the atomic 
number contrast nature in high angle annular dark-field (HAADF) imaging. The InGaN 
nanowire becomes wider in diameter along the growth direction (indicated by the white 
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arrow). EDX line scans were performed along axial and lateral directions of the InGaN 
nanowire. Variations of Ga Lα, In Lα, and N Kα characteristic signals are presented in 
Figures 3.3c, 3.3d, 3.3e, and 3.3f for EDX scans along Line 1, Line 2, Line 3, and Line 4 
in Figure 3.3b, respectively. Along the axial direction, In Lα signal intensity gradually 
decreases, indicating the reduced concentration of In incorporation from top to bottom of 
the InGaN nanowire, corresponding to the design shown in Figure 3.1d. There are four 
segments forming such quadruple-band InGaN nanowire, including (I) ~250 nm 
In0.35Ga0.65N, (II) ~200 nm In0.27Ga0.63N, (III) ~280 nm In0.20Ga0.80N, and (IV) ~290 nm 
GaN. For each InGaN segment, variations of Ga Lα and In Lα characteristic signal along 
the nanowire lateral dimensions are measured and shown in Figures 3.3d, 3.3e, and 3.3f. 
We have further performed atomic resolution HAADF-STEM imaging for InGaN 
crystals with various indium compositions, shown in Figures 3.3g-i. The periodic 
ordering of atoms further demonstrates the high crystallinity, which is critical to reduce 
the bulk recombination for efficient charge carrier extraction.  
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Figure 3.3 Structural characterization of the quadruple-band InGaN nanowire arrays monolithically integrated 
on a nonplanar Si wafer. (a) Top-view scanning electron microscope (SEM) images of flower-shaped InGaN 
nanowire structure grown on nonplanar Si substrates. Scale bar: 5 µm (top) and 1 µm (bottom). (b) Dark-filed scanning 
transmission electron microscope (DF-STEM) image of quadruple-band InGaN nanowire, with energy-dispersive X-
ray spectroscopy (EDX) line scanning showing the variation of Ga Lα, In Lα, and N Kα characteristic signals along the 
axial and lateral directions. Scale bar: 200 nm. Spectrum of Line 1 (c), Line 2 (d), Line 3 (e), and Line 4 (f) are 
measured along Arrow 1, Arrow 2, Arrow 3, and Arrow 4 in (b), respectively. (g-i) Atomic resolution STEM images of 
InGaN crystals for (g) In0.35Ga0.65N, (h) In0.27Ga0.73N, and (i) In0.20Ga0.80N, respectively. Scale bar: 1 nm. 
3.2.5 Overall pure water splitting of quadruple-band nanowires 
Schematically illustrated in Figure 3.4a are the overall solar water splitting process on 
such quadruple-band InGaN nanowires under light illumination, including photon 
excitation in each single-band segment, charge carrier separation and extraction, and 
catalytic water splitting reaction. Due to the built-in electric field introduced by the Mg 
doping gradient profile, photo-generated electrons and holes are efficiently separated 
towards the cathodic surface driving water reduction reaction and anodic surface driving 
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water oxidation reaction, respectively. The rapid separation and extraction of photo-
generated electrons and holes to the respective cathodic and anodic surfaces can 
significantly reduce charge carrier recombination and further suppress any back reaction. 
Shown in Figure 3.4b is the PL spectrum of quadruple-band InGaN nanowires measured 
at room-temperature. The very broad emission spectrum indicates its capability of 
absorbing solar photons across nearly the entire visible spectrum. PL emission spectrum 
of individual InGaN segments are also shown in Figure 3.4b for comparison.  
Photocatalytic water splitting measurements of the quadruple-band nanowire arrays 
were performed in pH ~7 pure water solution under concentrated light illumination using 
an AM 1.5G filter (see Section 3.3.4). Shown in Figure 3.4c is the H2 and O2 gas 
evolution for 120 minutes continuous solar water splitting. Multiple cycles of 
photocatalytic experiments were further performed to confirm stable, continuous gas 
production. The calculated H2 to O2 production ratio is nearly 2:1, corresponding to the 
stoichiometric ratio in water molecules (H2O), which is consistent with overall water 
splitting reaction occurring without other byproduct.[31] The H2 generation rate is 
measured to be ~1840 µmol cm-2 h-1 corresponding to a STH efficiency ~5.2% (see 
Section 3.4.2.2).  
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Figure 3.4 Photocatalytic performance of quadruple-band InGaN nanowire arrays measured in pure water 
under 300 W Xenon lamp equipped with an AM 1.5G filter. (a) Schematic illustration of overall water splitting 
process occurring on the quadruple-band nanowires under light illumination. (b) Room-temperature PL spectrum of the 
quadruple-band InGaN nanowires, compared to those of single-band nanowires, including (1) p-GaN, (2) p-
In0.20Ga0.80N, (3) p-In0.27Ga0.73N, and (4) p-In0.35Ga0.65N. (c) H2 and O2 gas generation as a function of time measured in 
multiple experiment cycles.  
3.2.6 Discussions 
Summarized in Supplementary Table 3.1 is the performance comparison of some of 
the previously best-reported photocatalyst systems for overall solar water splitting, 
compared to quadruple-band InGaN nanowires demonstrated in this work. To date, for 
III-nitride semiconductors, the best reported STH efficiency is 3.3% on double-band 
In0.22Ga0.78N/GaN photochemical diode.[4, 26, 51] For metal oxide and other nitride 
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semiconductors showing comparable photocatalytic stability, e.g. SrTiO3, BiVO4, and 
C3N4,[53, 54, 56, 58, 85, 113] the highest STH efficiency has generally been limited to 
~1% mainly due to insufficient light absorption and strong recombination. Compared to 
previously reported CoOx particulate system with ~30 mins stability,[82] the presented 
quadruple-band metal-nitride nanowires demonstrate relatively good stability during 
overall solar water splitting, without showing any significant degradation of 
photocatalytic performance for ~8 hrs. Compared to previous reported III-nitride 
photocatalysts, the significantly improved performance is attributed to the following 
factors: 1) the use of quadruple-band structure to enhance visible light absorption and 
water redox reaction, 2) the use of nonplanar wafer to enhance light absorption and 
trapping, and 3) controlled p-type dopant incorporation to enhance charge carrier 
separation and extraction. Theoretically, the ideal multi-band photocatalytic system in the 
current design can reach an energy conversion efficiency ~16% if all the incident photons 
above the energy bandgap can be converted to charge carriers to drive water splitting 
reaction (see Supplementary Figure 3.9).[5, 114] Therefore, such multi-band 
nanostructures can be further optimized to achieve a possible STH efficiency >10%, 
which may include (1) optimization of the design by placing large energy gap materials 
on top, (2) optimization of the deposition of co-catalyst particles, (3) integration of such 
nanowire photocatalysts on reflective substrate surface to further enhance light absorption, 
and (4) minimization of surface recombination by surface treatment or passivation.    
In summary, we have demonstrated wafer-level broadband InGaN nanowire 
photocatalysts that can significantly improve the efficiency of direct photocatalytic 
overall water splitting. Such photocatalyst materials can be directly synthesized on low 
cost, large area Si wafer utilizing industry standard manufacturing process. Therefore, 
their large scale manufacturability is unquestionable. Significantly, with the incorporation 
of suitable co-catalysts, such a unique structure can be exploited to achieve high 
efficiency, stable artificial photosynthesis including one-step CO2 reduction to 
hydrocarbon fuels.  
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3.3 Methods 
3.3.1 Nonplanar Si surface preparation 
Two-inch prime-grade polished silicon wafer was etched in 80 °C KOH solution (1.8% 
KOH in weight with 20% isopropanol in volume) for 30 minutes to form the micro-
textured surface with Si pyramids.[103] After being neutralized in concentrated 
hydrochloric acid, surface cleaning by acetone/methanol, and native oxide removal by 10% 
hydrofluoric acid, the nonplanar Si wafer was loaded into MBE chamber for the growth 
of InGaN nanowires. 
3.3.2 Molecular beam epitaxial growth of multi-band InGaN nanowires 
Mg doped (p-type) InGaN nanowires, single-band or multi-band structures, were 
grown on as-prepared nonplanar Si substrates by plasma-assisted molecular beam epitaxy 
(MBE) under N-rich conditions. The growth parameters include a gallium (Ga) beam 
equivalent pressure of ~7E-8 Torr, a nitrogen flow rate of 1 sccm, and a plasma power of 
350 W. The substrate temperature, indium (In) beam equivalent pressure (BEP), and 
magnesium (Mg) cell temperature were tuned to synthesize different single-band or 
multi-band InGaN nanowires with various p-doping and alloy concentrations. For the 
single-band p-GaN nanowires, the substrate temperature was 685 oC, Ga BEP was ~7E-8 
Torr, and the growth duration was 3 hours. p-Type doping level was tuned by using 
different Mg cell temperatures (265 oC, 270 oC, 275 oC, and 280 oC). For the single-band 
p-In0.20Ga0.80N nanowires, the substrate temperature was 675 oC, Ga BEP ~7E-8 Torr, In 
BEP was ~7.3E-8, and growth duration was 3 hours. For single-band p-In0.27Ga0.73N 
nanowires, the substrate temperature was 662 oC, Ga BEP was ~7E-8 Torr, In BEP was 
~7.3E-8, and growth duration was 3 hours. For single-band p-In0.35Ga0.65N nanowires, the 
substrate temperature was 640 oC with Ga BEP ~7E-8 Torr, In BEP ~3.5E-8, and growth 
duration of 3 hours. For quadruple-band InGaN nanowires, the growth conditions are 
nearly identical to those of the constituting single-band nanowires, including (along the 
growth direction)1.5 hours p-GaN, 1.5 hours p-In0.20Ga0.80N, 1.5 hours p-In0.27Ga0.73N, 
1.5 hours p-In0.35Ga0.65N, and 0.5 hours p-GaN. 
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3.3.3 Cocatalyst nanoparticles deposition 
Prior to photocatalytic water splitting experiments, metal nitride nanowires were 
decorated with hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) 
cocatalyst nanoparticles for efficient water redox reactions using photo-deposition 
method. InGaN samples were put in a glass chamber with a quartz lid, which was first 
pumped down and then illuminated using a 300 W Xenon lamp for 20 minutes to deposit 
cocatalyst nanoparticles on InGaN nanowires. The deposition of Rh/CrOx core/shell 
structures consists of two steps, including 1) the use of 55 ml deionized water, 11 mL 
methanol, and 2 µmol hexachlororhodate (Na3RhCl6, Sigma-Aldrich) for the formation of 
Rh core, and 2) the use of 55 mL deionized water, 11 mL methanol, and 4 µmol 
potassium chromate (K2CrO4, Sigma-Aldrich) for CrOx shell. The deposition of CoOx 
nanoparticles involves the use of 60 mL deionized water, 6 mL potassium iodate (KIO3, 
0.01 M, Sigma-Aldrich), and 4 µmol cobalt nitrate (Co(NO3)2, Alfa Aesar). 
3.3.4 Photocatalytic water splitting measurements 
Photocatalytic overall water splitting measurements were conducted in a vacuum 
chamber with a quartz lid. The measurement chamber was partially filled with 70 mL 
pure water solution (pH ~7), which covered the InGaN photocatalysts, and then was 
pumped down. After evacuating the chamber, the sample was illuminated with a Xenon 
lamp (PE300BUV, CERMAX) together with various optical filters. With the use of AM 
1.5 G filter, the light intensity is ~2339 mW/cm2, equivalent to ~23 suns, as measured at 
the sample position. The water solution was purged using argon gas for 30 minutes 
before any experiments. H2 and O2 gas was analyzed by sampling using a vacuum-tight 
syringe and evaluating using a gas chromatograph machine (GC-8A, Shimazdu) equipped 
with a thermal conductivity detector (TCD) and high purity argon as carrier gas. The 
sample size is in the range of 0.5~1 cm2 for photocatalytic experiments. 
3.3.5 Structural and optical characterization 
Room-temperature photoluminescence measurements of InGaN nanowires were 
performed in a homemade setup with a He-Cd 325 nm laser as the excitation source, and 
the emission is spectrally resolved by a SPEX spectrometer equipped with a 
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photomultiplier tube. SEM images were recorded with a secondary electron detector 
using a Tescan MIRA3 system (15 kV) and a JEOL IT500 system (20 kV) with an EDX 
detector. High angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) images were collected using a JEOL 3100R05 microscope operated at 
300 keV in aberration corrected STEM mode with a beam convergence angle 22 mrad 
and detector collection angle 85 mrad. 
  
3.4 Supporting Information 
3.4.1 Supplementary figures 
 
Figure 3.5 Contact angle measurements using pure water droplets on metal nitride nanowires grown on a nonplanar Si 
wafer (a) and a planar Si wafer (b). The water contact angle can be greatly reduced by using nonplanar substrates 
indicating the improved hydrophilic property.  
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Figure 3.6 Visible light driven H2 gas production of different InGaN nanowires with various indium compositions and 
optimized Mg doping for photocatalytic water splitting by using appropriate long-pass optical filters.  
 
Figure 3.7 H2 gas production of p-GaN nanowires with different Mg doping grown on planar and nonplanar substrates 
for photocatalytic water splitting. It is interesting to note that p-GaN nanowires shows nearly the same performance on 
nonplanar wafers, compared to that on planar wafers. The possible reason could be that the relatively small GaN 
nanowire size makes charge carrier transfer efficient so that gradient doping profile on nonplanar wafers may not play a 
significant role. 
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Figure 3.8 Structural properties and photocatalytic performance of triple-band InGaN nanowires arrays on nonplanar 
Si wafers under 300 W Xenon lamp equipped with an AM 1.5G filter. (a) Schematic illustration of photocatalytic water 
splitting of InGaN nanowires with triple-band nanostructure. (b) Electron microscope image of the triple-band InGaN 
nanowires integrated on a nonplanar Si substrate. Scale bar: 1 µm. (c) Overall photocatalytic pure water splitting on the 
triple-band InGaN nanowires for 8 hours, with a stoichiometric H2 and O2 gas production.  
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Figure 3.9 The theoretical maximum solar-to-hydrogen (STH) conversion efficiency for the ideal multi-band 
photocatalyst system absorbing photons with wavelengths up to 580 nm, wherein all the incident photons are assumed 
to drive water splitting reactions.[31]  
3.4.2 Supplementary notes 
3.4.2.1 Overall solar water splitting on triple-band InGaN nanowires consisting of p-
In0.27Ga0.73N, p-In0.20Ga0.80N, and p-GaN segments 
Schematically shown in Supplementary Figure 3.8a is the monolithically integrated 
triple-band metal-nitride nanowire arrays, consisting of p-In0.27Ga0.73N, p-In0.20Ga0.80N, 
and p-GaN segments grown on a nonplanar Si wafer. Shown in Supplementary Figure 
3.8b is the SEM image of such triple-band In0.27Ga0.73N/In0.20Ga0.80N/GaN nanowire 
arrays grown on a nonplanar Si surface. InGaN nanowires are vertically aligned to the 
local Si surface, which forms the overall flower-shaped nanostructure due to the Si 
pyramid substrate. From the top view, there is no spatial gap to expose substrate surface, 
which, in turns, demonstrates the high nanowire density per projective area for improved 
light absorption. The tilted InGaN nanowires allow for a large surface exposure to 
incident illumination for enhanced light absorption and water redox reaction. The 
textured wafer surface, together with the nanowire arrays, also significantly enhances 
light trapping and absorption.  
45 
 
Photocatalytic measurement of the triple-band In0.27Ga0.73N/In0.20Ga0.80N/GaN 
nanowire arrays was performed in pH ~7 pure water solution under concentrated AM 
1.5G illumination. Shown in Supplementary Figure 3.8c is the H2 and O2 gas production 
of the triple-band InGaN nanowires for 8 hours overall solar water splitting. The 
observed linear H2 and O2 gas production indicates stable solar water splitting reaction 
occurring on InGaN nanowires.[104] Calculated H2 to O2 production ratio is nearly 2:1, 
corresponding to the stoichiometric ratio in water molecules (H2O), which is consistent 
with overall water splitting reaction occurring without other byproduct.[31] H2 generation 
rate is measured to be ~1450 µmol cm-2 h-1 corresponding to ~4.1% solar-to-hydrogen 
(STH) conversion efficiency (see Section 3.4.2.2). The continuous 8 hours photocatalytic 
overall pure water splitting on the triple-band In0.27Ga0.73N/In0.20Ga0.80N/GaN nanowire 
arrays demonstrates its photocatalytic stability.  
3.4.2.2 Solar-to-hydrogen conversion efficiency calculation 
For overall water splitting, the solar-to-hydrogen (STH) conversion efficiency is 
defined as the chemical energy of generated H2 gas divided by the solar energy of 
incident light. The STH efficiency for photocatalytic water splitting devices can be 
calculated by Eqn. (3-1) using the Gibbs free energy (237 kJ mol-1) of H2.[115] To obtain 
STH efficiency correctly, it is required to demonstrate the stoichiometric H2 and O2 gas 
evolution, without adding any sacrificial reagents. 
 STH =  [𝐻𝐻2 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 �𝜇𝜇𝜇𝜇𝑔𝑔𝜇𝜇 𝑠𝑠−1�×237000 𝑘𝑘 𝜇𝜇𝑔𝑔𝜇𝜇−1
𝐼𝐼𝑔𝑔𝑐𝑐𝑔𝑔𝑖𝑖𝑔𝑔𝑔𝑔𝑔𝑔 𝑠𝑠𝑔𝑔𝜇𝜇𝑔𝑔𝑔𝑔 𝑝𝑝𝑔𝑔𝑝𝑝𝑔𝑔𝑔𝑔 (𝜇𝜇𝑚𝑚 𝑐𝑐𝜇𝜇−2)×𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔 (𝑐𝑐𝜇𝜇2) ]𝐴𝐴𝐴𝐴1.5𝐺𝐺                   (3-1) 
The incident solar power from Xenon lamp with AM 1.5G filter was measured to be 
2329 mW cm-2 by a thermopile detector (919P, Newport).  
(a) Triple-band InGaN nanowires for pure water splitting STH =  [(1.45/3600 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠−1) × 237000 𝐽𝐽 𝑚𝑚𝑚𝑚𝑚𝑚−1(2329 𝑚𝑚𝑚𝑚 𝑐𝑐𝑚𝑚−2) × (1 𝑐𝑐𝑚𝑚2) ]𝐴𝐴𝐴𝐴1.5𝐺𝐺 = ~4.1% 
(b) Quadruple-band InGaN nanowires for pure water splitting STH =  [(1.84/3600 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠−1) × 237000 𝐽𝐽 𝑚𝑚𝑚𝑚𝑚𝑚−1(2329 𝑚𝑚𝑚𝑚 𝑐𝑐𝑚𝑚−2) × (1 𝑐𝑐𝑚𝑚2) ]𝐴𝐴𝐴𝐴1.5𝐺𝐺 = ~5.2% 
 
46 
 
3.4.3 Supplementary table 
Table 3.1 STH efficiency and stability of previously reported photocatalyst systems for overall solar water splitting, 
compared to the multi-band InGaN nanowires presented in this work. 
Materials Cocatalyst Electrolyte Light STH 
(%) 
Stability 
(hours) 
Year [Ref.] 
Multi-band 
InGaN nanowires 
Rh/CrOx - CoOx Pure water 23 suns 5.2 10 This work 
Double-band 
In0.22Ga0.78N/GaN 
Rh/CrOx Pure water 32 suns 3.3 2 2018 [51] 
SrTiO3:Al Rh/CrOx Pure water 300W Xe 
lamp 
0.4 4 2018 [52] 
CDs/CdS-S N/A Seawater One sun <0.1 90 2018 [116] 
Double-band 
In0.25Ga0.75N/GaN 
Rh/CrOx - CoOx Seawater 27 suns  1.9 3 2018 [98] 
MoS2/TiO2 N/A Pure water 
methanol 
One sun <1 21 2018 [117] 
TiO2:Ta/N 
SrTiO3:Rh 
Ru - RuO2 1 mM NaIO3 
1 mM FeCl3 
One sun 0.02 15 2017 [53] 
SrTiO3:La, Rh/C 
/BiVO4:Mo 
Ru - RuOx Pure water One sun 1.2 6 2017 [54] 
Bi4NbO8Cl 
SrTiO3:Rh 
Pt - RuOx Fe3+/Fe2+ redox 300W Xe 
lamp 
<0.4 24 2016 [55] 
SrTiO3:La, Rh/Au 
/BiVO4:Mo 
Ru/Cr2O3/a-TiO2 Pure water One sun 1.1 10 2016 [56] 
GaN nanowires Rh/CrOx Pure water 27 suns <1 22 2015 [57] 
CDots/C3N4 N/A Pure water 1 sun 2 200 days 2015 [85] 
SrTiO3: Rh, Sb 
BiVO4:Mo 
IrO2/CoOx 1 mM H2SO4 300W Xe 
lamp 
0.01 30 2014 [58] 
CoO nanoparticles N/A Pure water One sun 5 0.5 2013 [82] 
Si/TiO2 Pt - IrOx 0.5 M H2SO4 1.5 suns 0.12 4.5 2013 [59] 
 
3.5 Summary 
In this chapter, a benchmark STH efficiency of 5.2% is achieved on the quadruple-
band InGaN nanowires for photocatalytic overall pure water splitting. Compared to 
previous reports, the significantly improved performance is attributed to the following 
factors: 1) the use of quadruple band structure to enhance water redox reaction without 
sacrificing photon absorption, 2) the use of nonplanar wafer to enhance light absorption 
and trapping, and 3) controlled p-type dopant incorporation to enhance charge carrier 
separation and extraction. Theoretically, however, the ideal multi-band photocatalytic 
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system in current design can reach an energy conversion efficiency ~16% if all the 
incident photons above the energy bandgap can be converted to charge carriers to drive 
water splitting reaction (Supplementary Figure 3.9).[5, 118] Therefore, such multi-band 
nanostructures can be further optimized to achieve a possible STH efficiency >10%, 
which may include (1) optimization of the design by placing large energy gap materials 
on top, (2) optimization of the deposition of co-catalyst particles, (3) integration of such 
nanowire photocatalysts on reflective substrate surface to further enhance light absorption, 
and (4) minimization of surface recombination by surface treatment or passivation layers. 
Significantly, with the incorporation of suitable co-catalysts, such a unique structure can 
be exploited to achieve high efficiency, stable artificial photosynthesis including one-step 
CO2 reduction to hydrocarbon fuels.  
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CHAPTER IV 
 
An In0.42Ga0.58N Tunnel Junction Nanowire Photocathode Monolithically Integrated 
on a Nonplanar Si Wafer 
 
4.1 Introduction 
Solar water splitting and hydrogen generation is one important step of artificial 
photosynthesis to meet the increasing demand of clean, renewable energy.[17] An 
essential component of a solar water splitting device is a photocathode, often consisting 
of a p-type semiconductor, that can drive proton reduction efficiently and stably in acidic 
solution under sunlight illumination.[80, 119, 120] In the past decades, extensive efforts 
have been devoted to exploring various photocathode materials and structures. Illustrated 
in Figure 4.1 are the energy band diagrams of some commonly studied photocathode 
semiconductors.[4, 19, 35, 108, 121, 122] Metal oxide semiconductors typically have 
large energy bandgap values and, as a consequence, can only absorb a small portion of 
the solar spectrum.[20] To utilize the majority energy of sunlight, Group III-V and IV 
semiconductors, including GaP, GaInP2, GaAs, InP, and Si photocathode materials have 
been intensively studied. Although relatively high photocurrent densities have been 
reported, e.g. ~22 mA cm-2 for GaAs (Eg ~1.4 eV)[11], ~25 mA cm-2 for InP (Eg ~1.3 
eV)[123], and ~35 mA cm-2 for n+/p-Si (Eg ~1.1 eV)[124], these materials are not stable 
in acidic electrolytes, which is kinetically preferred for proton reduction. An extra 
protection layer, e.g. TiO2, is therefore required to protect against detrimental 
photocorrosion.[18, 125] In addition, there is an urgent need to develop a semiconductor 
photocathode with an energy bandgap ~1.7-2.0 eV, which, when integrated with a narrow 
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bandgap ~1.1 eV bottom light absorber, e.g. Si, promises solar water splitting cells with a 
solar-to-hydrogen (STH) efficiency up to 30%.[17, 114, 126, 127] 
 
Figure 4.1. Schematic energy band diagram of some commonly studied single-junction photocathode materials, 
including metal oxides, III-V, Si, and III-nitride semiconductors, assuming in acidic solution (pH = 0). CBM and VBM 
represent the conduction band minimum and valence band maximum, respectively.  
In the quest for a 1.7-2.0 eV semiconductor material that can function efficiently and 
stably as a photocathode in acidic electrolyte, group III-nitrides, e.g. GaN and its alloys, 
have drawn considerable attention.[19, 35, 126] GaN based semiconductors have been 
widely used in electronics and photonics industries, and they are the second most 
produced semiconductor material only next to Si. Significantly, InGaN with indium 
composition in the range of 40-50% exhibits a direct energy bandgap of 1.65-1.9 eV, 
whose band edges can straddle proton reduction and water oxidation potentials.[19] III-
nitride semiconductors also exhibit large carrier mobility and a high absorption 
coefficient (~105 cm-1),[128-132] and have demonstrated the capability to support current 
densities of hundreds of kA/cm2 in power transistors[133-135] (e.g. six to seven orders of 
magnitude larger than that relevant for solar water splitting). To date, however, the best 
reported energy conversion efficiency for an InGaN photocathode in acidic electrolyte is 
still below 1% (see Supplementary Table 4.1).[136-138] Moreover, their long-term 
stability in an acidic electrolyte has remained largely unknown. The underlying 
challenges include the presence of large densities of defects and dislocations for 
conventional InGaN materials grown by metal-organic chemical vapor deposition 
(MOCVD) and the difficulty in achieving p-type doping of In-rich InGaN.[139-142]  
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In this work, we have performed a detailed investigation of the synthesis and 
photoelectrochemical properties of crystalline In-rich p-type InGaN nanowire arrays on 
industry-grade non-planar Si wafers that are commonly used for fabricating commercial 
Si solar cell modules. The nanowires are synthesized using a plasma-assisted molecular 
beam epitaxy (MBE) method under N-rich conditions to promote the formation of N-
terminated surfaces,[24, 70, 143, 144] which can protect against photocorrosion and 
oxidation. p-Type InGaN nanowires are connected with the underlying n-type Si wafer 
through a tunnel junction, which provides low-resistivity connection and further serve as 
an electron blocking layer to enhance electron extraction. For the InGaN photocathode 
with indium composition ~42% (Eg ~1.9 eV), a short-circuit photocurrent density of 12.3 
mA cm-2 and a large onset potential of 0.79 V vs. RHE were measured. The maximum 
applied bias photon-to-current efficiency (ABPE) is 4% at ~0.52 V vs. RHE, which is 
more than one order of magnitude larger than that of previously reported InGaN 
photocathodes.[136-138] Significantly, the photocathode shows no degradation for over 
30 hrs solar wafer splitting at a steady current density of 12 mA cm-2 without adding any 
extra surface protection layer. Detailed studies were also performed to correlate the 
photoelectrochemical performance with indium composition of the InGaN nanowires. 
Further improvement in the device performance, together with the integration with a 
buried Si junction, promises stable unassisted solar water splitting.[114] 
 
4.2 Results and Discussions 
4.2.1 InGaN nanowire structure and optical property 
Schematically shown in Figure 4.2a is the design of p-type InGaN nanowire 
photocathode formed on a non-planar Si wafer. Each nanowire consists of an n-type GaN 
segment (length ~160 nm), an n++-GaN/InGaN/p++-GaN tunnel junction, and a p-type 
InGaN segment (length ~800 nm). The top p-InGaN segment serves as the light absorber 
and photocatalytic reactor for proton reduction. Pt nanoparticles are deposited on the 
nanowire surfaces using a photodeposition process (see Section 4.4.3). The direct 
integration of p-type InGaN on Si wafer (whether n- or p-type) generally leads to high 
resistivity, due to the formation of extensive defects and impurity incorporation at the 
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heterointerface. To alleviate this issue, an n-type GaN nanowire segment is first grown on 
n-type Si wafer, schematically shown in the inset of Figure 4.2a, followed by the 
formation of an n++/p++ GaN tunnel junction.[145, 146] A thin layer of InGaN is also 
incorporated between n++ and p++-GaN, illustrated in the inset of Figure 4.2b. The 
piezoelectric field created by the InGaN segment can further reduce the depletion depth 
and resistivity of the tunnel junction, thereby enhancing the recombination of charge 
carriers (photo-generated holes from p-InGaN and electrons injected from n-Si).[147-149] 
Such tunnel junction design has been previously exploited to realize efficient light 
emitting diodes (LEDs) and photoelectrodes in HBr splitting, but has not been used in 
solar water splitting.[37, 146, 150] It is important to note, however, that in the present 
study the InGaN segments are not uniformly incorporated in all nanowires due to the use 
of non-planar Si wafer.  
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Figure 4.2 Illustration and characterization of p-InGaN tunnel junction nanowire photocathode. (a) Schematic of 
proton reduction on p-InGaN nanowires on a nonplanar Si wafer. The detailed tunnel junction heterostructure and the 
processes of photo-excitation, hole collection through the tunnel junction, electron extraction, and proton reduction on 
Pt co-catalyst nanoparticles are shown in the inset. (b) Schematic energy band diagram of InGaN tunnel junction 
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nanowires under illumination. The energy band diagram of a polarization-enhanced tunnel junction, n++-
GaN/InGaN/p++-GaN, is shown in the inset. (c) SEM image of a non-planar silicon wafer surface. (d) Top-view SEM 
image of InGaN nanowires grown on non-planar Si wafer. (e) Room-temperature photoluminescence spectra of 
different InGaN nanowires, showing a large variation of the emission peaks from 500 to 750 nm.  
Shown in Figure 4.2b is the schematic energy band diagram along the growth 
direction of an ideal p-InGaN tunnel junction nanowire under illumination. The 
photocathode is connected to a platinum (Pt) counter electrode where water oxidation 
takes place. Under light illumination, photo-excited holes are collected through tunnel 
junction, whereas photo-excited electrons migrate to the InGaN/liquid interface to drive 
proton reduction due to the downward surface band bending, shown in Figure 2b. The 
p++-GaN also serves as an electron blocking layer to reflect photo-excited electrons, 
which can then readily migrate to InGaN nanowire surfaces, due to the downward surface 
band bending. Charge carrier extraction, which is often a bottleneck for conventional 
planar photoelectrodes, is no longer limited by carrier diffusion for the presented 
photocathode, due to the small size nanowires and large surface area.[128]  
InGaN tunnel junction nanowires are grown on non-planar Si wafers using a Veeco 
Gen II MBE system equipped with a radio frequency plasma-assisted nitrogen source 
(see Section 4.4.2). The non-planar Si wafer, shown in Figure 4.2c, was created by using 
hot KOH solution (see Section 4.4.1). The growth was conducted in N-rich conditions to 
promote the formation of nanowires with N-terminated surfaces. The use of non-planar Si 
wafer, together with the light trapping effect of nanowire arrays, can significantly 
enhance light absorption.[35, 151, 152] The top-view scanning electron microscopy 
(SEM) image of InGaN nanowires grown on non-planar Si is shown in Figure 4.2d. More 
detailed SEM images are shown in Supplementary Figure 4.6. Photoluminescence (PL) 
spectra measured at room temperature for InGaN nanowires are shown in Figure 4.2e. By 
changing the growth conditions, the PL emission wavelengths can be varied from ~500 
nm to ~750 nm, corresponding to an energy bandgap values of ~2.48 eV to ~1.65 eV, and 
indium compositions of ~24% to ~51%, respectively (see Supplementary Figure 4.7).[70-
72] Significantly, the band edges of such InGaN nanowires can straddle the water redox 
potentials, which is essentially required for unassisted solar water splitting.[19] It is also 
observed that, with increasing indium composition, the PL intensity becomes weaker and 
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the linewidth becomes broader, indicating the reduced crystallinity and large 
compositional non-uniformity (see Supplementary Figure 4.8).[153] A detailed 
correlation between the PEC performance and indium composition is discussed next.  
4.2.2 Electron microscope characterization 
Energy dispersive X-ray (EDX) mapping on the top plane of In0.42Ga0.58N nanowires 
shows that the nanowires are composed of Ga, In, and N with the presence of Pt 
nanoparticles, as demonstrated in Figure 4.3a and Supplementary Figure 4.9a. Displayed 
in Figure 4.3b is the cross-sectional high angle annular dark-field scanning transmission 
electron microscopy (HAADF-STEM) image of In0.42Ga0.58N nanowires, which reveals 
the crystalline InGaN nanowires (width ~200 ± 40 nm, height ~800 nm, spacing ~800 ± 
80 nm) extend atop an early growth of GaN nanowires. Using the characteristic X-rays 
obtained on pure GaN as a reference specimen, the elemental composition of InGaN was 
quantitatively estimated, showing that 62.7 ± 10.5% of Ga and 37.3 ± 10.5% of In are 
present in the InGaN nanowire. Figure 4.3c shows the atomic structure within a InGaN 
nanowire and a lattice spacing of 2.63 Å corresponding to the InGaN (002) wurtzite 
lattice planes along the preferred <0001> growth direction (c-axis).[19] Fast Fourier 
transform (FFT) patterns of the HAADF-STEM image exhibit InGaN (001) reflection 
peak which is a forbidden peak in electron diffraction pattern of wurtzite hexagonal 
symmetry (Supplementary Figure 4.10). The (001) reflection peak demonstrates the 
existence of periodic atomic ordering along the c-axis caused by a nonrandom atomic site 
occupancy of indium and gallium within the two unique cation sublattice positions ((0,0,0) 
and (1/3,2/3,1/2)) in a wurtzite unit cell.[154] This confirms the periodic ordering of In 
and Ga in the crystalline InGaN nanopillars.  
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Figure 4.3 Electron microscope characterization of Pt-decorated In0.42Ga0.58N nanowires. (a) Top-view SEM 
image with EDX elemental mapping, where Ga-L, In-L, and Pt-M characteristic X-ray spectra were measured. Scale 
bar: 200 nm. (b) HAADF-STEM image of cross-sectional InGaN nanowires with simultaneous EELS mapping images 
of In and N atoms. Scale bar: 200 nm. (c) Atomic resolution HAADF-STEM image highlighting the crystalline lattice 
spacing consistent with InGaN crystal. Scale bar: 2 nm. 
In the low-dimensional geometry heteroepitaxy, increased In incorporation can occur 
due to the onset of strain relaxed growth.[70] The low substrate temperature (530-670 ºC) 
and relatively high N2 flow rate (1 sccm) used for InGaN growth combined with 1D 
nanowire geometry allow for effective strain relaxation and reduce phase separation. 
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Furthermore, Pt co-catalysts with a size of 2-6 nm were uniformly loaded on InGaN 
nanowire surface to further enhance the performance, as demonstrated in Figure 4.3 and 
Supplementary Figure 4.9. In some cross-sectional GaN tunnel junction nanowires, an 
InGaN segment (~5 nm) was confirmed on the top of the GaN nanowire by the 
occurrence of additional superlattice spots (001) and higher HAADF intensity associated 
with the heavier atomic weight of Indium (Supplementary Figure 4.11). Our detailed 
studies further suggest that the thin InGaN segment is not uniformly incorporated in all 
GaN tunnel junction nanowires, which is likely due to the shadowing effects created by 
neighboring nanowires when grown on a non-planar Si wafer. This provides 
opportunities for further improving the device performance and yield. In addition, a thin 
SiNx nanolayer is often formed at the Si and GaN interface, as previously reported by 
Eftychis et al.[155, 156]. Further studies are needed to understand its effect on charge 
carrier transport during solar water splitting. 
4.2.3 Photoelectrochemical measurements 
Photoelectrochemical measurements of p-InGaN tunnel junction nanowire 
photocathodes were performed in 0.5 M H2SO4 solution (pH ~0) under the illumination 
of 100 mW cm-2 simulated AM 1.5G solar spectrum (see Section 4.4.4). The 
photocathodic behavior of p-InGaN/TJ/Si nanowires was first confirmed by performing 
Mott-Schottky measurement (see Supplementary Figure 4.12).[157-159] Shown in Figure 
4.4a is the linear sweep voltammetry measurement of p-In0.42Ga0.58N tunnel junction 
photocathode. The performance of p-InGaN/Si (without tunnel junction) measured under 
identical conditions is also shown for comparison. p-InGaN/Si (without tunnel junction) 
structures exhibit poor onset potential, ~0 V vs. RHE, and low current density, due to 
inefficient charge carrier separation and extraction. The performance of p-InGaN/Si 
(without tunnel junction) photocathode is also severely limted by the large interfacial 
resistance between p-InGaN and the underlying n-type Si substrate. The p-In0.42Ga0.58N 
tunnel junction nanowire photocathode, on the other hand, exhibits dramatically 
improved PEC performance. The onset potential is 0.79 V vs. RHE, and a significantly 
enhanced photocurrent density of 12.3 mA cm-2 is measured at 0 V vs. RHE. The dark 
current density is negligible compared to the photocurrent, confirming the measured 
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photocurrent comes from solar energy conversion. This is further confirmed under 
chopped light illumination (see Supplementary Figure 4.13). The substantially improved 
onset potential and photocurrent density of p-InGaN tunnel junction nanowire 
photocathode is directly related to the efficient charge separation, hole collection, and 
electron extraction enabled by the integration with GaN tunnel junction. In this study, we 
have only demonstrated InGaN tunnel junction nanowire integrated on a nonplanar Si 
wafer for efficient proton reduction reaction. However, planar Si wafer may also work to 
synthesize InGaN tunnel junction nanowire photocathode, by appropriate growth 
optimization.   
 
Figure 4.4 Photoelectrochemical performance of p-InGaN tunnel junction nanowire photocathode. (a) Linear 
sweep voltammetry measurements of p-In0.42Ga0.58N tunnel junction nanowire (p-InGaN/TJ/Si) and p-In0.42Ga0.58N 
without tunnel junction (p-InGaN/Si) in H2SO4 electrolyte (0.5 M, pH ~0) under stimulated AM 1.5G solar 
illumination of 100 mW cm-2. (b) Variations of the photocurrent density (measured at 0 V vs. RHE) vs. indium 
composition of p-InGaN tunnel junction nanowire photocathodes. (c) Variations of the applied-bias photon-to-current 
conversion efficiency (ABPE) for p-In0.42Ga0.58N tunnel junction nanowire photocathode vs. the applied bias voltage 
(vs. RHE). (d) The incident photon-to-current conversion efficiency (IPCE) of p-In0.42Ga0.58N tunnel junction nanowire 
photocathode measured at 0 V vs. RHE in 0.5 M H2SO4 solution. The solid blue curve is a polynomial fitting. 
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We have further investigated the photoelectrochemical performance of p-InGaN 
tunnel junction nanowire photocathodes with indium compositions varying from ~24% to 
~51%. The measured current densities at 0 V vs. RHE and onset potentials are plotted vs. 
the PL peak position of InGaN nanowires, shown in Figure 4.4b. It is seen that the 
measured photocurrent (absolute value) first shows an increasing trend with indium 
incorporation from 24% to 42%, due to the reduced bandgap and more efficient light 
absorption. A significant reduction of photocurrent, however, was observed for indium 
concentration >42%, which may be attributed to the increased defect formation and 
enhanced non-radiative recombination of In-rich InGaN. These observations are 
consistent with the degradation of the optical properties for In-rich InGaN nanowires (see 
Supplementary Figure 4.8). Moreover, the significant reduction of measured photocurrent 
for In-rich InGaN nanowires may also be related to the poor nanowire morphology, 
shown in Supplementary Figure 4.17. The highest photocurrent density ~12.3 mA cm-2 
was measured for p-InGaN nanowires with In composition ~42% (Eg ~1.9 eV). Its 
photoelectrochemical performance is described in Figure 4.4a.  
The ABPE for the InGaN tunnel junction nanowire photocathode was derived using 
the following equation:  
ABPE (%) =  𝑝𝑝ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑐𝑐𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑖𝑖𝑔𝑔𝑔𝑔𝑠𝑠𝑔𝑔𝑔𝑔𝑑𝑑 �𝜇𝜇𝐴𝐴∙𝑐𝑐𝜇𝜇−2� × 𝑔𝑔𝑝𝑝𝑝𝑝𝜇𝜇𝑔𝑔𝑔𝑔𝑖𝑖 𝑏𝑏𝑔𝑔𝑔𝑔𝑠𝑠 (𝑉𝑉 𝑣𝑣𝑠𝑠.  𝑅𝑅𝐻𝐻𝑅𝑅)
100 𝜇𝜇𝑚𝑚∙𝑐𝑐𝜇𝜇−2  × 100%     (4-1) 
A maximum ABPE of 4% was measured at ~0.52 V vs. RHE, which is the highest 
value ever-reported for III-nitride semiconductor photocathodes (see Supplementary 
Table 4.1). Figure 4.4d shows the incident photon-to-current conversion efficiency (IPCE) 
of p-In0.42Ga0.58N nanowire photocathode measured at 0 V vs. RHE in 0.5 M H2SO4 
solution. IPCE reaches >90% for light illumination <400 nm, and then gradually 
decreases to 50-60% at 500-600 nm. Negligible IPCE is measured above 650 nm, which 
is consistent with the energy bandgap of In0.42Ga0.58N. The IPCE in the visible 
wavelength can be further improved by optimizing the epitaxy and properties of InGaN 
nanowires. By integrating the IPCE results with the standard AM 1.5G spectrum, a 
maximum photocurrent density of 14.4 mA cm-2 is predicted (see Supplementary Figure 
4.14), which agrees reasonably well with the measured saturation current density shown 
in Figure 4.4a.  
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4.2.4 Stability test 
We have further performed continuous solar water splitting measurements on p-
InGaN tunnel junction nanowire photocathode. Shown in Figure 4.5a, the H2 evolution in 
0.5 M H2SO4 solution was measured as a function of time at a constant photocurrent 
density of ~12 mA cm-2 under AM 1.5G one-sun illumination. The applied bias stays 
nearly constant at ~0 V vs. RHE, illustrated in Figure 4.5a. The calculated H2 evolution 
based on Faraday’s law of electrolysis, 
Faradaic efficiency (%) =  2 × 𝑝𝑝𝑔𝑔𝑔𝑔𝑖𝑖𝑜𝑜𝑐𝑐𝑔𝑔𝑖𝑖 𝐻𝐻2 �𝜇𝜇𝑔𝑔𝜇𝜇∙𝑐𝑐𝜇𝜇−2� ×96485 �𝑠𝑠∙𝐴𝐴∙𝜇𝜇𝑔𝑔𝜇𝜇−1�
𝑝𝑝ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑐𝑐𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑖𝑖𝑔𝑔𝑔𝑔𝑠𝑠𝑔𝑔𝑔𝑔𝑑𝑑 (𝐴𝐴∙𝑐𝑐𝜇𝜇−2) ×𝑔𝑔𝑔𝑔𝜇𝜇𝑔𝑔 (𝑠𝑠)  × 100%   (4-2) 
 
Figure 4.5 Long-term stability analysis of p-In0.42Ga0.58N tunnel junction nanowire photocathode measured in 
0.5 M H2SO4 under stimulated one-sun AM 1.5G illumination. (a) Hydrogen gas evolution under a constant 
photocurrent density of 12 mA cm-2. The calculated H2 production from photocurrent is also shown (solid black curve). 
(b) Chronopotentiometry measurement for over 30 hours solar water splitting with a steady photocurrent density of 12 
mA cm-2 at a potential of ~0 V vs. RHE. 
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It is seen that the measured (446 µmol cm-2) and calculated (448.5 µmol cm-2) 
hydrogen evolution agrees well, confirming a nearly unity faradaic efficiency. The 
stability of p-In0.42Ga0.58N tunnel junction nanowire photocathode was further evaluated 
by chronopotentiometry measurement, [160-162] shown in Figure 4.5b. A steady 
photocurrent density of 12 mA cm-2 is produced continuously at ~0 V vs. RHE without 
any noticeable degradation for over 30 hours, demonstrating good photoelectrochemical 
stability of p-InGaN tunnel junction nanowire photocathode. For comparison, 
conventional Si and III-V photocathodes generally require the use of extra surface 
protection layer to achieve enhanced stability (see Supplementary Table 4.1).[18, 48, 163]  
 
4.3 Experiment Section 
4.3.1 Non-planar Si surface preparation 
Two-inch n-type silicon (100) wafer was etched in 80 °C KOH solution (1.8% KOH 
in weight with 20% isopropanol in volume) for 30 minutes to form the micro-textured 
surface. After the neutralization by hydrochloric acid, surface cleaning by 
acetone/methanol, and native oxide removal by 10% hydrofluoric acid, the non-planar n-
Si wafer was then loaded into MBE chamber for nanowire growth. 
4.3.2 InGaN nanowire growth 
p-InGaN tunnel junction nanowires were grown on as-prepared nonplanar Si 
substrates by plasma-assisted molecular beam epitaxy (MBE) in nitrogen-rich 
environment. Silicon and magnesium are used as dopants for n-type and p-type nanowire 
growth, respectively. Firstly, n-GaN nanowires template was grown with a substrate 
temperature of 750 °C, a gallium (Ga) beam equivalent pressure (BEP) of 8E-8 Torr, a 
nitrogen flow rate of 1 sccm, and a plasma power of 350 W, as doped by silicon at 
1250 °C. Then, the substrate temperature and Ga BEP were reduced to 645 °C and 3.5E-8 
Torr, respectively, for the tunnel junction nanostructure, with 7 mins n++-GaN doped by 
silicon at 1320 °C, 2 mins InGaN with an indium (In) BEP of 4E-8 Torr, and 10 mins 
p++-GaN doped by magnesium at 210 °C. Subsequently, p-InGaN nanowires were grown 
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with Ga BEP of 2.5E-8 Torr and In BEP of 8E-8 Torr, with varied substrate temperatures 
and Mg doping for different indium incorporation.  
4.3.3 Pt nanoparticle deposition 
Platinum cocatalyst nanoparticles were photodeposited on p-InGaN nanowires in a 
vacuum chamber with 55 ml deionized water, 11 ml methanol, and 20 µl H2PtCl6 
precursor solution (0.2 M conc.). InGaN nanowires were then irradiated by 300 W Xenon 
lamp through a quartz lid for 30 minutes.  
4.3.4 PEC measurements 
Photoelectrochemical measurements were conducted in a typical three-electrode 
configuration with a platinum counter electrode and an Ag/AgCl reference electrode in 
0.5 M H2SO4 electrolyte solution equipped with a Newport solar simulator with AM1.5G 
filter and one-sun intensity. A BioLogic potentiostat device was used to perform the PEC 
measurements including linear sweep voltammetry, chronopotentiometry, and Mott-
Schottky test. The production of hydrogen gas from solar water splitting on InGaN 
nanowires was analyzed by injecting 1 ml gas sampling into a Shimazdu gas 
chromatograph. The sample size is ~0.1 cm2 for PEC measurements. It is important to 
note that large size samples should be demonstrated for practical solar water splitting 
devices in future, by further improving the growth uniformity on nonplanar Si wafers. 
4.3.5 Structural and optical characterization 
Room-temperature photoluminescence measurements of InGaN nanowires were 
performed in a homemade setup with a He-Cd 325 nm laser as the excitation source, and 
the emission is spectrally resolved by a SPEX spectrometer equipped with a 
photomultiplier detector. SEM images were recorded with a secondary electron detector 
using a Tescan MIRA3 system (15 kV) and a JEOL IT500 system (20 kV) with an EDX 
detector. High angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) images were collected using a JEOL 3100R05 microscope with Cs 
aberration corrected STEM (300 keV, 29 mrad). STEM-EELS mapping and spectra were 
acquired by a Gatan quantum energy filter, at 0.25 eV per channel to capture the In and N 
edges simultaneously. Samples for STEM and EELS measurements were prepared in 
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cross-section by mechanical wedge polishing that provides a large and thin area for 
analyzing samples in nano- and atomic scale. 
 
4.4 Supporting Information 
4.4.1 Supplementary figures 
 
Figure 4.6 Top-view SEM images of p-InGaN nanowires at different magnifications.  
 
Figure 4.7 Estimated indium composition of various InGaN nanowires based on the Vegard’s law with a bowing 
parameter b = 1.3~1.4.  
For InxGa1-xN alloy, the energy gap can be calculated by using Vegard’s law as 
described by Equation (4-3).  
𝐸𝐸𝑔𝑔(𝐼𝐼𝐼𝐼𝑥𝑥𝐺𝐺𝐺𝐺1−𝑥𝑥𝑁𝑁) = 𝑥𝑥 ∙ 𝐸𝐸𝑔𝑔(𝐼𝐼𝐼𝐼𝑁𝑁) + (1 − 𝑥𝑥) ∙ 𝐸𝐸𝑔𝑔(𝐺𝐺𝐺𝐺𝑁𝑁) − 𝑏𝑏 ∙ 𝑥𝑥 ∙ (1 − 𝑥𝑥)         (4-3) 
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where b is the bowing parameter and its value typically varies between 1.3 and 1.4.[71, 
72] In this study, the energy gap of InGaN nanowires was estimated from 
photoluminescence measurements as shown in Figure 4.2e. The indium compositions 
were then derived using Equation (4-3). Shown in Figure 4.7 are the energy bandgap 
values vs. In concentrations calculated for a bowing parameter of 1.3 or 1.4. Based on 
these analyses, the indium composition of InGaN nanowires in this study are in the range 
of ~24% to ~51%.  
 
Figure 4.8 Variations of the integrated photoluminescence intensity and full-width-at-half-maximum (FWHM) of 
InGaN nanowires vs. indium compositions.  
 
Figure 4.9 Characterization of InGaN nanowires after Pt nanoparticles deposition. (a) EDX spectrum demonstrating 
the presence of Ga, In, N, and Pt. (b,c) Atomic resolution HAADF-STEM images of Pt nanoparticles on the surface of 
InGaN nanowires. The inset is the FFT pattern of Pt nanocrystals. 
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Figure 4.10 Atomic ordering of InGaN crystal. (a) Fast Fourier transform (FFT) of the InGaN nanowire in Figure 4.3c 
shows the superlattice peak (circled) associated with atomic ordering in wurtzite InGaN along c-plane direction. (b) 
Intensity profile along c-axis in HAADF-STEM image of InGaN nanowire. 
 
Figure 4.11 Characterization of InGaN tunnel junction on GaN nanowires. (a) HAADF-STEM image of the cross-
sectional GaN nanowire. (b) HAADF line profile across the marked (red box) shows the increased intensity consistent 
with the heavier atomic weight of InGaN. (c,d) FFT of the region c and d within GaN nanowire in (a). A broad (001) 
reflection peaks caused by chemical ordering of In and Ga indicating InGaN phase grown on the top of the GaN 
nanowire. 
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Figure 4.12 Mott-Schottky measurement of p-InGaN nanowire photocathode in 0.5 M H2SO4 solution, showing the p-
type conduction of InGaN nanowire arrays.  
 
Figure 4.13 Linear sweep voltammetry measurement of p-In0.42Ga0.58N tunnel junction nanowire photocathode under 
chopped illumination tested in 0.5 M H2SO4 solution.  
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Figure 4.14 Theoretical maximum photocurrent density of In0.42Ga0.58N nanowire photocathode, calculated by 
multiplying the photon flux with ideal light absorption using IPCE data in Figure 4.4d. The assumption is all the 
absorbed photons contribute to solar water splitting without any recombination.  
 
Figure 4.15 Photoelectrochemical impedance spectroscopy measurements of p-InGaN nanowires with and without 
tunnel junction (TJ) structure, measured in 0.5 M H2SO4 solution under illumination at the potential of 0 V vs. RHE. 
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Figure 4.16. Linear sweep voltammetry measurement of p-InGaN tunnel junction nanowire photocathode with/without 
Pt nanoparticles in H2SO4 electrolyte (0.5 M, PH ~0) under stimulated AM 1.5G solar illumination of 100 mW cm-2.   
 
Figure 4.17 SEM images of p-InGaN tunnel junction nanowires, with varied indium incorporations, grown on 
nonplanar Si wafers. Scale bar: 500 nm. 
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4.4.2 Supplementary tables 
Table 4.1 Summary of photoelectrochemical performance of previously reported III-nitride photocathodes in solar 
water splitting, and the comparison with p-InGaN tunnel junction (TJ) nanowire photocathode presented in this work.  
All the measurements are conducted under one-sun light intensity of simulated AM 1.5G solar spectrum. 
Photocathode Electrolyte Onset potential 
Current 
Density1 ABPE
2 IPCE3 Stability Ref. 
  (V vs. RHE) (mA cm-2) (%) (at 400nm)   
p-InGaN TJ 
nanowires 0.5 M H2SO4 0.78 12.3 4 93 >30 h 
This 
work 
InGaN/GaN 
MQW N/A -0.8 2 @ -1V 0 25% 2 h [164] 
p-InGaN NWs 0.5 M H2SO4 0.05 5 @ -0.5V <0.1% 40% >1 h [130] 
GaN/AlN/GaN 0.5 M H2SO4 0.9 1 0.28 -- -- [136] 
EDT/p-GaN 1 M H2SO4 -0.1 0.1 <0.1% 7% 1.5 h [165] 
p-GaN 3 M H2SO4 0 0.05 <0.1% -- 
14 h @-
1.4V [138] 
InGaN/GaN 
MQW 0.1 M PBS 0.1 0.02 <0.1% -- 2 h [137] 
1: The current density was measured at 0V vs. RHE unless noted in the table. 
2: ABPE refers to applied-bias photon-to-current efficiency. 
3: IPCE refers to incident photon-to-current conversion efficiency. 
 
Table 4.2 Stability performance of state-of-the-art high-efficiency single junction semiconductor photocathodes, and 
comparison with p-InGaN tunnel junction (TJ) nanowire photocathode presented in this work. 
Photocathode Electrolyte ABPE  
(%) 
Initial stability Protection 
layer 
Improved 
stability 
Ref. 
p-InGaN TJ 
nanowires 
0.5 M H2SO4 4 >30 h N/A N/A This 
work 
n+/p-Cu2O 0.5M Na2SO4 
0.1M KH2PO4 
0.5 0.5 h TiO2 2 h  [166] 
Sb2Se3 nanowires 0.1 M H2SO4 0.57  TiO2 2 h [82] 
CdS/SnS 0.5 M H2SO4 0.2  TiO2 3 h [167] 
CdS/CdTe 1 M KPi 3.7 70 mins   [120] 
GaInP2 0.5 M H2SO4 0.5 100 s MoSx/TiOx 15 h [163] 
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GaInP2 pH = 13  
solution 
 <2 mins TiO2-
cobaloxime 
20 mins [125] 
n+/p-Si 1 M HClO4 10 10 h 15nm TiO2 168 h [124] 
Au-CuInS2 0.5 M Na2SO4 4.29 1 h   [168] 
p-InP 1 M HClO4 2  MoSx/Ti 2 h [169] 
InP nanowires 1 M HCl 4  TiO2 10 h [170] 
p-Si 0.5 M H2SO4 2.5 1 h TiO2 40 h [171] 
p-InP 1 M HClO4 14 unstable 10nm TiO2 2 h [123] 
p-GaP nanowires 1 M HClO4 1.4 5 h   [172] 
p-InP 1 M HClO4 11.6  30nm TiO2 1 h [173] 
CoSe2/Si 0.5 M Na2SO4 
0.5 M H2SO4 
0.5 20 mins   [174] 
TiO2/AZO/Cu2O 0.5 M KPi 1.6 25 mins RuO2 8 h [175] 
p-GaP 1 M HClO4 0.1 3 h Nb2O3 
TiO2 
9 h 
24 h 
[176] 
MoS3/InP 1 M HClO4 6.4 10 mins MoS3 1 h [14] 
Amorphous Si KPi buffer 6  TiO2 12 h [177] 
p-InP nanopillars 1 M HClO4 14 unstable 5nm TiO2 4 h [94] 
Cu(In,Ga)Se2 1 M NaPi 2.6 unstable ZnO/TiO2 
CdS/TiO2 
30 cycles 
30 cycles 
[178] 
 
4.5 Summary 
The improved performance of p-InGaN tunnel junction nanowire photocathode, 
compared to previously reported InGaN photocathodes, is attributed to following factors: 
i) strongly enhanced light absorption for nanowire arrays grown on non-planar Si wafer; 
ii) crystalline nanowires with efficient p-type dopant incorporation; and iii) nanowire 
tunnel junctions that facilitate efficient collection of photo-excited holes and serve as an 
electron blocking layer to enhance the extraction of photo-excited electrons. Our recent 
studies have further suggested that Ga(In)N nanowire arrays grown by plasma-assisted 
MBE can exhibit N-terminated surfaces, not only for their top c-plane but also for the 
lateral nonpolar surfaces, which can effectively protect against photocorrosion and 
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oxidation and therefore ensures long-term stable operation without using any extra 
surface protection.[24]  
In this chapter, we have investigated the fabrication and photoelectrochemical 
performance of a monolithically integrated p-InGaN tunnel junction nanowire 
photocathode on nonplanar Si wafer with relatively high indium composition (up to 
~51%), which can drive relatively efficient and stable solar to hydrogen conversion. 
Factors that can further improve the photoelectrode performance, such as reduced defect 
densities, minimized surface recombination, and more controllable formation of tunnel 
junction nanowires, have been identified, which, together with the integration of a buried 
Si p-n junction and improved charge carrier transport, promise highly efficient, stable 
unassisted solar water splitting and hydrogen production.  
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CHAPTER V 
 
A Single Junction Cathodic Approach for Stable Unassisted Solar Water Splitting 
 
5.1 Introduction 
In the past decades photoelectrochemical water splitting has been intensively studied, 
which has been considered as one of the most promising approaches to convert solar 
energy directly to chemical fuels.[21, 31] To date, however, there has been no 
demonstration of an efficient and stable solar water splitting device.[80, 179-184]  
Illustrated in Figure 5.1 are the schematic energy band diagrams of semiconductor 
photoelectrodes representing three commonly used approaches to achieve unassisted 
photoelectrochemical solar water splitting,[21] including the use of single-junction,[21, 
80] double-junction,[114, 185] and multiple-junction semiconductor structures, which  
have also been referred to as single-photon, two-photon, and multi-photon approaches, 
respectively.[114, 186] Conventional single-junction semiconductor photoelectrodes 
often do not meet the stringent band edge positions and thermodynamic overpotentials 
required for photoelectrochemical water splitting[179] and, consequently, cannot drive 
unbiased water splitting under visible light.[14, 18, 93, 187] Therefore, double- or multi-
junction structures, i.e. the so-called Z-scheme, have been proposed and intensively 
studied to achieve unassisted solar water splitting.[62, 185, 186] A theoretical solar-to-
hydrogen conversion efficiency ~27% has been predicted for a double-junction 
photoelectrode consisting of a 1.70 eV top junction and a 1.05 eV bottom junction under 
AM 1.5G one-sun illumination.[17] While Si, given its narrow energy bandgap (~1.1 eV), 
scalable manufacturing and mature fabrication process, is ideally suited for the bottom 
light absorber, it has remained extremely challenging to identify a practical top light 
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absorber that is stable in photoelectrochemical reaction and can be monolithically 
integrated with Si. As such, there have been only few demonstrations of double-junction 
photoelectrodes, e.g. GaInP2/GaAs and WO3/BiVO4[180-182, 184] that can drive 
unbiased solar water splitting. The amount of solar energy converted to hydrogen of such 
devices is still exceedingly small due to either very low solar-to-hydrogen (STH) 
efficiency and/or extremely poor stability (see Supplementary Table 5.1 and Figure 
5.5).[181]  
 
Figure 5.1 Schematic illustration of the energy band diagram of semiconductor photoelectrodes for unassisted 
solar water splitting on semiconductor photoelectrodes. (a) Single-photon approach driven by a single-junction 
semiconductor. (b) Two-photon approach using the Z-scheme tandem structures. (c) Multi-photon approach by 
integrating multiple semiconductor junctions.  
It is therefore imperative to develop a semiconductor photoelectrode that can operate 
efficiently and stably under visible light and can be directly integrated onto Si wafers. 
Recently, III-nitride semiconductor nanostructures, e.g. InGaN have shown extraordinary 
potential for direct solar water splitting.[19, 63, 98, 104] By varying the alloy 
compositions, their energy bandgap can be continuously tuned from ultraviolet, through 
visible to the near-infrared.[45] Significantly, the energy band edge positions of InGaN 
can straddle water redox potentials for indium compositions up to 50%, which 
correspond to an energy bandgap ~1.7 eV.[45] In spite of these promises, however, the 
realization of a single junction InGaN photoelectrode that can drive photoelectrochemical 
solar water splitting stably and efficiently without any external bias has remained 
elusive.[19, 63, 188, 189] The underlying challenges include the corrosion/oxidation of 
the exposed Ga or In atoms, which, together with the presence of surface states and 
defects lead to surface recombination and material degradation during harsh 
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photocatalytic reaction. In addition, conventional InGaN materials grown on Si generally 
exhibit very large densities of defects and dislocations,[146, 190, 191] which makes it 
difficult for the efficient collection of photo-generated holes through the underlying Si 
wafer while simultaneously achieving efficient extraction of photo-generated electrons at 
the InGaN/electrolyte interface.  
To overcome these challenges, we have investigated an InGaN nanowire tunnel 
junction photocathode epitaxially grown on Si wafer using plasma-assisted molecular 
beam epitaxy. The use of nanowire tunnel junction enables the direct integration of p-
InGaN nanowire arrays on n-type Si wafer with few to no dislocations, due to the surface 
strain relaxation. Efficient charge carrier separation is facilitated by optimizing the 
surface band bending of InGaN nanowires through controlled p-type (Mg) dopant 
incorporation.[51, 57] Photo-generated electrons can readily migrate to the lateral 
surfaces of nanowires to drive proton reduction due to the downward band bending, 
whereas photo-generated holes are collected by the underlying Si wafer through the 
tunnel junction incorporated in each nanowire. With the use of plasma-assisted epitaxy, 
the surface of such nanostructures can be engineered to be N-rich, which can protect 
against photocorrosion and oxidation in harsh photocatalytic reaction.[24, 25]  
Here, we have demonstrated that an In0.25Ga0.75N nanowire tunnel junction 
photocathode grown directly on Si wafer can exhibit relatively efficient and stable 
unassisted solar water splitting. At zero bias vs. Pt counter electrode, InGaN tunnel 
junction photocathode can exhibit a true STH efficiency of 3.4%, which, to the best of 
our knowledge, is the highest efficiency value ever achieved in a single-photon system 
for unbiased photoelectrochemical water splitting. Significantly, stable operation ~300 
hours has been demonstrated in two-electrode measurement under AM 1.5G one-sun 
illumination. Compared to previously reported photoelectrochemical water splitting 
devices, the InGaN nanowire tunnel junction photocathode can convert nearly two orders 
of magnitude more solar energy to hydrogen fuels per unit area. With further 
optimization of the nanowire sizes, compositions, doping, and energy bandgap, and the 
monolithic integration with a bottom Si, or GaAs light absorber, it may be possible to 
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achieve the Z-scheme structure with a potential STH efficiency over 20%.[21, 54, 114, 
181] 
 
5.2 Results and Discussions 
5.2.1 Design and synthesis of In0.25Ga0.75N nanowire tunnel junction photocathode 
Schematically illustrated in Figure 5.2a is an InGaN nanowire tunnel junction 
photocathode, grown on a commercial Si wafer using plasma-assisted molecular beam 
epitaxy (see Section 5.4.1). In this simplified diagram, each nanowire consists of an n-
type (Ge-doped) InGaN segment, n++/p++-InGaN tunnel junction, and p-type (Mg-doped) 
InGaN segment. The top p-InGaN severs as the light absorber. The use of n++/p++-InGaN 
tunnel junction can significantly reduce the resistivity between p-InGaN nanowires and 
the underlying n-Si wafer.[146, 192, 193] Significantly, InGaN tunnel junction also 
enhances the separation of photo-generated electrons and holes. Platinum nanoparticles 
were photo-deposited on InGaN nanowire surfaces (see Section 5.4.2), which provide 
kinetically catalytic sites for efficient water reduction reaction.[59, 194, 195] Shown in 
Figure 5.2b is the scanning electron microscopy (SEM) image of InGaN tunnel junction 
nanowires, which have lengths ~886 (±123) nm and diameters ~112 (±36) nm. Such 
relatively small-diameter nanowire geometry was adopted to reduce charge transfer 
distance to catalytic sites of photo-generated electrons in p-InGaN segment, which is 
often a bottleneck for conventional planar photoelectrodes.[51, 128, 196] The charge 
carrier generation and separation are illustrated in Supplementary Figure 5.6. Shown in 
Figure 5.2c is the photoluminescence (PL) spectra of such InGaN nanowires measured at 
room temperature (see Section 5.4.4). The PL emission wavelength is ~506 nm, 
corresponding to an energy gap of ~2.45 eV and an indium composition of ~25%. The 
small half-width at half-maximum (HWHM) of ~0.08 eV suggests excellent crystalline 
quality. Illustrated in Figure 5.2d, the conduction band (CB) and valence band (VB) 
edges of In0.25Ga0.75N can straddle the water redox potentials with relatively large 
overpotentials for water splitting, which is usually a limiting factor for other single 
junction semiconductors to achieve unassisted solar water splitting.[4, 19, 45, 197]  
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Figure 5.2 Design and properties of In0.25Ga0.75N nanowires for unassisted solar water splitting. (a) Schematic 
illustration of InGaN nanowire tunnel junction structure grown directly on planar n-type Si wafer. Each nanowire 
includes an n-InGaN, n++/p++-InGaN tunnel junction, and p-InGaN segment. Pt cocatalyst nanoparticles were also 
deposited on the nanowire surface. (b) SEM image of InGaN nanowire tunnel junction structures grown on planar Si 
surface. Scale bar: 1µm. (c) Room-temperature photoluminescence spectra of InGaN nanowires with an energy gap of 
~2.45 eV, corresponding to an indium composition of ~25%. (d) Schematic illustration of band edge positions of 
In0.25Ga0.75N nanowires straddling water redox reaction potentials.  
5.2.2 Structural characterization of In0.25Ga0.75N nanowires 
High resolution electron microscopy of the InGaN nanowires confirms many of the 
key features illustrated in Figure 5.2a – vertically continuous InGaN domains within 
highly crystalline nanowires grown across a Si substrate with Pt nanoparticles dispersed 
onto the surfaces – however, the actual structure deviates in uniformity, morphology, and 
chemical homogeneity from an ideal structure. Elemental mapping by energy dispersive 
X-ray (EDX) performed from the top side of InGaN nanowires (Figure 5.3a,b) confirms a 
continuous distribution of MBE-grown InGaN nanowires across the Si wafer. The 
structural details within the nanowire array are revealed in cross-sectional high angle 
annular dark-field scanning transmission electron microscopy (HAADF-STEM) (Figure 
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5.3c). The wires have a typical length of ~886 (±123) nm and a diameter that grows from 
an initial size of ~30 (±7) nm to ~112 (±36) nm at the top of the wire. As a result of the 
increasing diameter with growth (~7±2.3o half angle), wires often touch or epitaxially 
join after ~180 nm of growth.  
 
Figure 5.3 Electron microscope characterizations of MBE-grown InGaN nanowires with small size Pt cocatalyst 
nanoparticles. (a) Top-view secondary electron SEM image with (b) SEM-EDX maps showing Ga, In, and N presence. 
Scale bar: 200 nm. (c) Side-view, cross sectional HAADF STEM image of the InGaN nanowires. Scale bar: 200 nm. (d) 
Pt nanoparticles decorated InGaN nanowire surfaces, showing the dispersed deposition of Pt cocatalyst. Scale bar: 50 
nm. (e) Ga and In concentration measured by EDX across the top section of a nanowire (acquired from similar 
nanowire shown in Supplementary Figure 5.10b). (f) Atomic resolution HAADF-STEM images reveal highly 
crystalline InGaN nanostructure preserved across the wire. Scale bar: 2 nm. (g) Highly crystalline Pt nanoparticles 
deposited on InGaN nanowire surface. Scale bar: 2nm. 
Atomic resolution images reveal highly crystalline order that extends throughout the 
entirety of each nanowire and to a highly faceted surface (Figure 5.3f,g). Figure 5.3f 
demonstrates the atomic crystal structure of InGaN nanowires, corresponding to InGaN 
(0002) wurtzite lattice plane, which also confirms the <0001> growth direction of InGaN 
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nanowires (Supplementary Figure 5.7 and 5.8).[19] The periodic ordering of atoms 
further demonstrates its high-quality single-crystal structure of InGaN nanowires without 
significant dislocations. The flat top plane suggests an N-polar surface of InGaN 
nanowires expected from growth in N-rich MBE environment, which is more stable in 
chemical solution for solar water splitting.[24, 198, 199] Elemental mapping of vertically 
aligned InGaN nanowires shows growth begins with atomically registered InGaN and 
GaN domains that compete before the InGaN overtakes. The top of each nanowire is 
uniform, crystalline InGaN as confirmed by EDX (Figure 5.3e). Despite the diminishing 
presence of In towards the substrate, a vertically continuous InGaN domain is commonly 
present throughout nanowires (Supplementary Figure 5.8 and 5.9). Due to the size 
variations, the incorporation of indium is observed to be minimal at the nanowire bottom. 
Further optimization of the nanowire size and indium incorporation may lead to enhanced 
performance.  
Pt nanoparticles as the cocatalyst for water reduction reaction have also been 
deposited on InGaN nanowire surface, shown in Figure 5.3d, in disperse distribution with 
a small size. In addition, small size Pt nanoparticles were deposited on InGaN nanowire 
surfaces, as shown in Figure 5.3d,g, to further accelerate water reduction reaction, 
wherein small-size photocatalyst performs better than bulk materials.[200-202] Moreover, 
its lattice spacing is determined to be ~2.3 Å along the [11�1] direction, shown in Figure 
5.3g, and contains facets/edges expected to behave as an efficient catalyst for proton 
reduction reaction (Supplementary Figure 5.8 and 5.9).[201, 202] In summary, such 
highly crystalline InGaN nanowires with small size Pt nano-catalysts indicate its ability 
to perform efficient solar water splitting application on In0.25Ga0.75N nanowire 
photocathode.  
5.2.3 Photoelectrochemical performance of In0.25Ga0.75N nanowire photocathode 
Photoelectrochemical measurement of In0.25Ga0.75N nanowire tunnel junction 
photocathode was performed in a dual-electrode configuration with a Pt counter electrode 
in 0.5 M H2SO4 acidic electrolyte solution under simulated AM 1.5G one-sun 
illumination (see Section 5.4.3). It is of importance to note that Pt electrode is not be the 
best for water oxidation reaction, which provides the opportunity to further improve the 
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overall STH efficiency by adopting better-optimized counter electrodes. Shown in Figure 
5.4a is the linear sweep voltammetry (LSV) measurement of our best-performed p-
In0.25Ga0.75N nanowire photocathode. In addition, the measured dark current is negligible 
compared to the light current, suggesting that the measured photocurrent originates from 
solar energy conversion. This can be further confirmed under chopped light illumination, 
shown in Figure 5.4b, wherein dark/light cyclic photocurrent was continuously measured 
at zero bias vs. counter electrode. A short-circuit photocurrent of ~2.8 mA cm-2 is 
measured for In0.25Ga0.75N nanowire photocathode at zero bias. Open circuit potential 
(OCP) measurement, shown in Figure 5.4c, further suggests the downward surface band 
bending of p-type InGaN nanowires in electrolyte solution, which is well suited for 
electron extraction to drive proton reduction reaction.[203-206] A large 
photoelectrochemical voltage of ~1 V was measured, which is in agreement with the 
onset potential shown in Figure 5.4a.  
 
Figure 5.4 Unassisted solar water splitting performance of In0.25Ga0.75N nanowire photocathode in two-electrode 
configuration vs. Pt counter electrode (C.E.) under AM 1.5G one-sun illumination. (a) Linear sweep voltammetry 
measurement under light and dark conditions. (b) Variation of the photocurrent under cyclic light/dark conditions 
measured at zero bias vs. Pt counter electrode. (c) Open circuit potential measurement of InGaN nanowire tunnel 
junction photocathode under chopped light illumination. (d) Solar-to-hydrogen (STH) efficiency at zero bias vs. Pt 
counter electrode. (e) Continuous solar water splitting experiment on In0.25Ga0.75N nanowire tunnel junction 
photocathode. The spikes correspond to brief dark current measurements, confirming that the observed current 
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originates from light absorption of InGaN nanowires for solar hydrogen conversion. (f) H2 gas production (red dots) 
collected from (e) compared to the theoretical maximum value (blue curve) calculated from the electrons flowing 
through the circuit with a unity Faraday efficiency.  
Compared to previous work on III-nitride photoelectrodes,[19, 188, 189, 207, 208] 
the substantially improved onset potential and photocurrent density of InGaN tunnel 
junction nanowire photocathode is directly related to the efficient charge carrier 
separation, electron extraction, and hole collection enabled by the integration with InGaN 
tunnel junction. To achieve the best cathodic performance for unassisted solar water 
splitting, the growth conditions of In0.25Ga0.75N nanowires were carefully optimized (see 
Section 5.4.1). It was identified that Mg doping incorporation played a critical role on the 
performance of InGaN nanowire tunnel junction photocathode (see Supplementary 
Figure 5.10). The best photoelectrode performance is achieved for InGaN nanowires 
using an Mg cell temperature of 210 oC. Our recent studies have shown that the 
downward surface band bending of InGaN nanowires can be precisely engineered 
through controlled Mg dopant incorporation, which can enable efficient separation of 
photo-generated charge carriers.[51, 57] It was also observed that surface treatment by 
HCl acid solution on InGaN nanowires can further enhance the performance significantly 
(see Supplementary Figure 5.11).  
Applied bias photon-to-current conversion efficiency (ABPE) for p-In0.25Ga0.75N 
nanowire photocathode is shown in Figure 5.4d (see Section 5.5.2.1). At zero-bias, the 
STH efficiency is determined to be ~3.4%. A peak energy conversion efficiency ~4% is 
observed at -0.3 V vs. Pt counter electrode, wherein solar energy and applied electric 
power are combined optimally. Compared to the conventional three-electrode 
configuration with a reference electrode, the presented two-electrode measurements 
demonstrate true solar water splitting performance.[93, 186, 187, 189, 209, 210] We have 
further performed continuous, unassisted solar water splitting measurements on such 
InGaN photocathode, shown in Figure 5.4e,f, where solar water splitting photocurrent 
and H2 gas production were measured at zero bias. The spikes in Figure 5.4e correspond 
to a brief dark current measurement, which was conducted intentionally to confirm the 
observed current originates from light absorption of InGaN nanowires for solar water 
splitting. Figure 5.4f shows the course of H2 gas production (red dot) vs. time, which is 
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further compared with the theoretical value (blue solid line) calculated from the number 
of photo-generated electrons flowing through the circuit (see Section 5.5.2.2). It is seen 
that the measured and calculated H2 gas production, i.e. half of the photo-generated 
electron density agree well, confirming a nearly unity faradaic efficiency wherein all 
extracted photoexcited electrons drive solar water reduction reaction efficiently.[63, 64]  
5.2.4 Long-term stability for unassisted solar water splitting 
Long-term stability evaluation of such In0.25Ga0.75N nanowire tunnel junction 
photocathode for unassisted solar water splitting was further performed at 0 V vs. Pt 
counter electrode in 0.5 M H2SO4 electrolyte solution under simulated one-sun 
illumination. Shown in Figure 5.5a is the measured photocurrent retention ratio over time. 
No significant performance degradation was observed for ~300 hours, demonstrating 
excellent photoelectrochemical stability of InGaN nanowire tunnel junction photocathode. 
For comparison, conventional Si and III-V photocathodes generally require the use of 
extra surface protection to achieve enhanced stability.[18, 93, 211] Structural properties 
of In0.25Ga0.75N nanowires were characterized during the long-term stability 
measurements. There was no obvious degradation of InGaN nanowires after 90 hours of 
continuous solar water splitting (see Supplementary Figure 5.12). After 250 hours of 
solar water splitting, it was observed that some InGaN nanowires were removed, 
accompanied by some changes in the surface morphology (see Supplementary Figure 
5.13). Detailed studies further reveal that a portion of Pt nanoparticles may be lost (see 
Supplementary Figure 5.14 and 5.15). The loss of some Pt cocatalysts reduces the 
efficiency of charge carrier separation and proton reduction, which ultimately leads to 
degraded performance for the InGaN photocathode during solar water splitting. In 
addition, the underlying Si wafer may not be perfectly covered by Ga(In)N, which may 
also be a significant issue for long-term stability during solar water splitting experiment.  
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Figure 5.5 Long-term stability evaluation of p-In0.25Ga0.75N nanowire tunnel junction photocathode for 
unassisted solar water splitting. (a) Photocurrent retention measured for ~300 hours of unbiased solar water splitting 
vs. Pt counter electrode. (b) Solar-to-hydrogen (STH) efficiency and stability of InGaN photocathode demonstrated in 
this work, compared to some previously reported semiconductor photoelectrodes achieving unbiased solar water 
splitting, as listed in Supplementary Table 5.1. (c) Comparison of converted solar energy to H2 fuel during unbiased 
solar water splitting for semiconductor photoelectrodes as listed in (b) and Supplementary Table 5.1 with this work. 
5.2.5 Stability discussions 
Previously InGaN materials have been studied for photocatalytic water splitting and 
HBr splitting. [51, 57, 63, 98, 188, 208] In this work we have demonstrated, for the first 
time, the use of InGaN photocathode to achieve unassisted photoelectrochemical solar 
water splitting in a two-electrode configuration under AM 1.5G one-sun illumination. 
Photoelectrochemical performance of In0.25Ga0.75N nanowire tunnel junction 
photocathode is further compared with that of previously reported semiconductor 
photoelectrodes (see Supplementary Table 5.1). Illustrated in Figure 5.5b are the STH 
efficiency and stability of some previously reported photoelectrochemical water splitting 
devices, including single-photon, two-photon, and multi-photon approaches. It is seen 
that high efficiency photoelectrodes are generally unstable, with stability limited to ~1 
hour or less in two-electrode measurement, i.e. true water splitting experiments. 
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Relatively long-term stable operation has been reported for photoelectrodes with the use 
of extra surface protection,[18, 48] but these studies were generally performed in three-
electrode configuration, i.e. not true water splitting. The measured stability ~300 hours 
for InGaN nanowire tunnel junction photocathode stands out to be the best reported 
stability for unassisted photoelectrochemical solar water splitting (Supplementary Table 
5.1). The amount of solar energy converted to H2 fuel is further summarized in Figure 
5.5c. The amount of converted solar energy for previously reported photoelectrodes is 
extremely limited, due to the poor stability. For comparison, our InGaN nanowire tunnel 
junction photocathode can convert nearly one order of magnitude more solar energy to H2 
fuel per unit area.  
The realization of a single junction InGaN photocathode with relatively high 
efficiency and long-term stability is attributed to the following factors: i) High 
crystallinity and significantly reduced dislocations for nanowire structures grown directly 
on Si; ii) Rapid separation of photo-generated charge carriers by optimizing the nanowire 
surface band bending through controlled Mg dopant incorporation; iii) Efficient 
collection of photo-generated holes with the use of tunnel junction; iv) Light trapping 
effect of the nanowire morphology for enhanced light absorption; And v) N-terminated 
surfaces that can protect against photo-corrosion[24, 212]. In addition, during epitaxy of 
InGaN nanowires, a thin (~20 nm) InGaN layer is also formed on Si wafer, which can 
protect the InGaN/Si interface from photo-corrosion (see Supplementary Figure 5.16). 
Further improved performance is expected by replacing the Pt counter electrode with IrOx 
or RuOx electrodes to have more efficient water oxidation [19, 31, 213-217] and by 
optimizing the energy bandgap of InGaN to enhance the photocurrent density. The device 
stability can also be improved by optimizing the deposition of co-catalysts.  
 
5.3 Methods 
5.3.1 Molecular beam epitaxial growth of InGaN tunnel junction nanowire 
p-InGaN nanowire tunnel junction structures were grown on n-type Si wafer by 
plasma-assisted molecular beam epitaxy (MBE) in nitrogen-rich environment. The 
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optimized growth parameters include a substrate temperature at 675 °C, gallium (Ga) 
beam equivalent pressure (BEP) of 5E-8 Torr, indium (In) BEP of 6E-8 Torr, nitrogen 
flow rate of 1 sccm, and plasma power of 350 W. Firstly, n-type InGaN nanowire 
template was grown for one hour using a germanium (Ge) source as the n-type dopant 
with a Ge cell temperature of 1050 °C. Then n++/p++-InGaN tunnel junction nanostructure 
was integrated atop by growing 10 minutes n++-InGaN doped by Ge at 1080 °C and 15 
minutes p++-InGaN using magnesium (Mg) with a Mg cell temperature of 290 °C. 
Subsequently, a p-type (Mg-doped) InGaN segment was grown to serve as the light 
absorber with a reduced p-type doping level using an Mg cell temperature at 210 °C for 4 
hours. Both Ge and Mg doping levels are carefully optimized in the tunnel junction 
structure as well as in the rest of the InGaN segments to achieve the best 
photoelectrochemical performance. Based on secondary ion mass spectrometry (SIMS) 
analysis on GaN epi-layers, Ge doped at 1075 °C and Mg doped at 280 °C can give Ge 
and Mg estimated dopant concentration of ~5E+18 cm-3 and ~6E+18 cm-3, respectively.  
5.3.2 Platinum (Pt) co-catalyst deposition  
Pt co-catalyst nanoparticles were deposited on InGaN nanowire surface by using an 
ultraviolet-assisted photodeposition method. In a vacuum-sealed chamber, the InGaN 
nanowire sample was immersed into a precursor solution including 55 mL deionized 
water, 11 mL methanol, and 10 µL 0.2 M H2PtCl6 solution. After pumping the chamber 
down for 10 minutes, InGaN nanowires were irradiated under 300 W Xenon lamp 
through a quartz lid for 30 minutes. The sample was then rinsed in deionized water and 
dried using N2 gas for photoelectrochemical measurements.  
5.3.3 Photoelectrochemical measurements  
Photoelectrochemical measurements were conducted in a two-electrode configuration 
using a platinum counter electrode in 0.5 M H2SO4 electrolyte solution equipped with a 
Newport solar simulator with AM 1.5G filter and one-sun intensity. A Gamry potentiostat 
device was used to perform the photoelectrochemical measurements including linear 
sweep voltammetry, chronoamperometry, and open circuit potential tests. The production 
of H2 gas from solar water splitting on InGaN nanowires was analyzed by injecting 1 mL 
gas sampling into a Shimazdu gas chromatograph. InGaN nanowire samples were treated 
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in concentrated HCl acidic solution for 5 minutes before any photoelectrochemical 
measurement. The tested InGaN photocathodes have areal sizes in the range of 0.05~0.1 
cm2.  
5.3.4 Structural and optical characterization  
Photoluminescence spectroscopy of InGaN nanowires was performed using a He-Cd 
325 nm excitation laser. SEM images were taken with a secondary electron (SE) detector 
using a Hitachi SU8000 system (5 kV), Tescan MIRA3 system (15 kV), and a JEOL 
IT500 SEM (10 kV) with an EDX detector. High angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) images were collected using a JEOL 
3100R05 microscope with Cs aberration corrected STEM (300 keV, 22mrad) with a 
camera length of 15 cm. The quantitative STEM-EDS analysis was performed using a 
JEOL 2100 probe-corrected STEM equipped with a horizontal ultra-thin window Si-Li 
X-ray detector (EDAX, active area ~30 mm2). Samples for STEM characterization were 
prepared using bladed exfoliation or in cross-section view by mechanical wedge 
polishing. 
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5.4 Supporting Information 
5.4.1 Supplementary figures 
 
Figure 5.6 Schematic energy band diagram of InGaN nanowire tunnel junction photocathode under illumination. 
Photo-generated electrons in p-InGaN nanowires migrate toward the lateral surfaces, due to the downward surface band 
bending, and are collected by Pt co-catalyst particles to drive proton reduction reaction and H2 evolution. Photo-
generated holes are collected through the tunnel junction by n-type Si wafer and then transport to the counter electrode 
to drive water oxidation reaction for O2 evolution. 
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Figure 5.7 Chemical analysis of the InGaN nanowires. (a-c) STEM image and EDX elemental maps. In map reveals 
InGaN regions constitute the top portion of each rod. Oxide material (Ga2O3) occupies regions between the wires. 
However, it is unclear about the origination of such oxide materials, which needs further investigations. N and Ga are 
present throughout the wire.  
 
Figure 5.8 Periodic Analysis of the InGaN nanowires. (a) ADF image of an InGaN nanowire coated with Pt 
nanoparticles. (b-c) Fast Fourier Transform (FFT) of the Pt Nanoparticle and InGaN tip along the (110), (0002) axis, 
respectively.   
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Figure 5.9 Chemical analysis of the InGaN nanowires. (a) EDX spectrum highlighting the average composition of the 
InGaN nanowires. Cr, Fe, Co, and Cu peaks are background signals from the sample holder. (b-c) STEM image and 
EDX line spectrum vertically and horizontally across the wire. 
 
Figure 5.10 LSV performance of InGaN nanowire tunnel junction photocathodes with varied p-type (Mg) doping 
concentrations, which is controlled by the Mg effusion cell temperature from 200 oC to 240 oC. (a) Two-electrode 
measurement with a Pt counter electrode. (b) Three-electrode measurement with a Pt counter electrode and an Ag/AgCl 
reference electrode. All the measurements were performed in 0.5 M H2SO4 solution under AM1.5G one-sun 
illumination, at a scanning rate of 20 mV/s. 
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Figure 5.11 LSV performance of p-InGaN nanowire tunnel junction photocathodes after HCl surface treatment for 
varied soaking time, compared to the virgin sample without surface treatment. (a) Two-electrode measurement with a 
Pt counter electrode. (b) Three-electrode measurement with a Pt counter electrode and an Ag/AgCl reference electrode. 
All the measurements were performed in 0.5 M H2SO4 solution under AM1.5G one-sun illumination, with a scanning 
rate of 20 mV/s. 
 
Figure 5.12 Top-view SEM imaging of In0.25Ga0.75N nanowire tunnel junction photocathode after 90 hours unassisted 
solar water splitting under AM 1.5G one-sun illumination. (a) Scale bar: 2 µm. (b) Scale bar: 1 µm. 
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Figure 5.13 SEM characterization of InGaN nanowire tunnel junction photocathode after 250 hours unassisted solar 
water splitting under AM 1.5G one-sun illumination. (a-c) SEM images were taken from different regions of the 
sample. Scale bar: 2 µm. (d) SEM image was taken from the marked region in (c). Scale bar: 1 µm.  
 
Figure 5.14 EDX elemental mapping of Pt nanoparticles deposited on InGaN nanowires (a) before and (b) after 250 
hours solar water splitting experiment. Scale bar: 2 µm. Compared to the initial Pt elemental mapping, the intensity of 
Pt-M X-ray characteristic signal drops significantly, suggesting the loss of Pt nanoparticles on InGaN nanowires 
surface during water splitting experiment.  
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Figure 5.15 Dark-field STEM images of InGaN nanowires decorated with Pt nanoparticles. (a) Before experiment. (b) 
After long-term water splitting experiment. Scale bar: 50 nm. It is seen that many of the small Pt nanoparticles were 
lost after long term water splitting experiment.  
 
Figure 5.16 (a,b) Tilted SEM images of InGaN arrays grown on Si wafer, showing the existence of a thin InGaN buffer 
layer protecting the interface. Scale bar: 1 µm. (b) SEM image taken from the marked area in (a). Scale bar: 200 nm. (c) 
EDX point analysis showing the buffer layer consists of In and Ga. 
5.4.2 Supplementary notes 
5.4.2.1 Solar-to-hydrogen conversion efficiency calculation 
The energy conversion efficiency for solar water splitting should be measured in the 
two-electrode configuration without any sacrificial reagents, by calculation the applied 
bias photon-to-current conversion efficiency (ABPE) using Equation (5-1) below.[21, 31] 
Based on the linear sweep voltammetry measurement of our best-performed p-
In0.25Ga0.75N nanowire photocathode, demonstrated in Figure 5.4a, we can plot the ABPE 
efficiency variation with the applied bias (V vs. Pt counter electrode) shown in Figure 
5.4d. STH efficiency is the energy conversion efficiency calculated at zero bias vs. Pt 
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counter electrode. In addition, in using the equation below it is assumed that the Faradaic 
efficiency is unity, which has been demonstrated in Figure 5.4f.  
ABPE =  [𝑘𝑘𝑝𝑝ℎ �𝜇𝜇𝐴𝐴 𝑐𝑐𝜇𝜇−2�×(1.23+𝑉𝑉𝑎𝑎𝑝𝑝𝑝𝑝)
𝑃𝑃𝑖𝑖𝑖𝑖 (𝜇𝜇𝑚𝑚 𝑐𝑐𝜇𝜇−2) ]𝐴𝐴𝐴𝐴1.5𝐺𝐺                              (5-1) 
where Jph is the measured photocurrent in a two-electrode configuration, |Vapp| represents 
the external electric bias (V vs. Pt counter electrode), and Pin is power density of the 
incident light (100 mW cm-2 in this work). Positive Vapp demonstrates that the InGaN 
photocathode is generating extra photo-voltage during water splitting and negative Vapp 
means that external electric voltage is required to drive water splitting reactions.  
5.4.2.2 H2 gas production by Faradaic law 
H2 gas production of the p-In0.25Ga0.75N nanowire photocathode was measured in the 
two-electrode configuration for 7 hours unassisted solar water splitting by using a gas 
chromatograph (GC-8A, Shimadzu). In addition, the ideal gas production can be 
calculated using Equation (5-2) below based on the Faraday’s law of water 
electrolysis.[63, 64] Therefore, we can calculate the theoretical H2 gas production by 
assuming a unity faradaic efficiency (η = 1), shown as the solid line in Figure 5.4f. Due 
to the nearly perfect match between the measured H2 production and the calculated 
values, shown in Figure 5.4f, it confirms the faradaic efficiency is nearly unity.  
𝐻𝐻2 production =  0.5 ×  ∫ 𝑘𝑘𝑝𝑝ℎ𝑖𝑖𝑔𝑔𝑡𝑡0 𝐹𝐹  ×  η                                (5-2) 
where Jph is the measured photocurrent during solar water splitting experiments, t is the 
experiment time for solar water splitting, F represents the Faraday constant (96485 C 
mol-1), and η is the faradaic efficiency.  
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5.4.3 Supplementary tables 
Table 5.1 Photoelectrochemical performance of some previously reported semiconductor photoelectrodes achieving 
unassisted solar water splitting, compared to InGaN nanowires in this work. All the measurements were conducted 
under one-sun light intensity of simulated AM 1.5G solar spectrum unless noted otherwise. SP, DP and MP refer to 
single, double, and multiple photon approaches, respectively.  
Materials Electrode type 
Approach 
type 
STH 
(%) 
Stability 
(hours) 
Converted 
Energy 
(J cm-2) 
Ref. 
p-In0.25Ga0.75N cathode SP 3.4 300 367200 This work 
       
N2-treated BiVO4 anode SP 0.4 38 5472 [218] 
GaSb0.03P0.97 anode SP 2 4 2880 [183] 
n-TiO2 anode SP 0.6a 0.01 2.16 [80] 
       
p-GaInP2/GaAs cathode DP 12.4b 10 44640 [184] 
GaInP/GaInAs cathode DP 19.3 0.5 2779.2 [180] 
Fe2O3/perovskite anode DP 2.4 8 5529.6 [179] 
Fe2O3 and perovskite cell anode DP 1.85 0.8 532.8 [219] 
CdS/CdSe/TiO2/DSSC anode DP 2.1 2 1512 [220] 
GaAs/InGaP/TiO2/Ni anode DP 10 10 36000 [181] 
p+n-Si/W-BiVO4/CoPi anode DP 0.37 1 133.2 [221] 
n-Fe2O3-Au NPs/p-Si anode DP 3.2 0.67 771.84 [222] 
p-Cu2O vs. n-BiVO4 paired DP 1.2 0.017 7.2 [223] 
CdS/TiO2 vs CdSe/NiO paired DP 0.24 1.5 129.6 [224] 
a-Si vs. Fe2O3 paired DP 0.85 10 3060 [225] 
ZnPbO3/MoS2 cathode vs. 
Zn2PbO4/CoPi anode paired DP 0.3 0.33 35.64 [226] 
       
NiMoZn/3jn-a-Si anode MP 4.7 3 5076 [186] 
n+p-Si/InGaN vs. InGaN/GaN paired MP 1.5 0.01 5.4 [227] 
Cu2S/Cu2O cathode vs. CdS/ZnO 
anode paired MP 0.38 1 108 [228] 
BiVO4/WO3/DSSC/TiO2 anode MP 5.7 2 4104 [182] 
PEDOT:PSS/P3HT:PCBM/Pt 
cathode vs. ZnO anode paired MP 0.12 8 345.6 [229] 
[a]: Measured under UV light. 
[b]: Measured under Xenon lamp of ~1100 mW/cm2 intensity.  
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5.5 Summary 
In this chapter, we have demonstrated that an InGaN tunnel junction nanowire 
photocathode integrated directly on Si wafer can drive relatively efficient and stable solar 
water splitting. A true STH efficiency of 3.4% is measured at 0 V vs. Pt counter electrode 
in 0.5 M H2SO4 electrolyte under AM 1.5G one-sun illumination. The InGaN tunnel 
junction nanowire photocathode can operate efficiently for ~300 hours without any extra 
surface protection, with the amount of solar energy converted to H2 per unit area being 
nearly order of magnitude higher than previously reported semiconductor photoelectrodes 
in unassisted solar water splitting. Significantly, such InGaN nanowire tunnel junction 
structures can be readily integrated with Si or GaAs bottom light absorbers to form a 
double-junction photoelectrode, which can potentially lead to STH >20% with long-term 
stable operation.   
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CHAPTER VI 
 
High Efficiency, Stable Unassisted Solar Water Splitting on Semiconductor 
Photocathodes Protected by Multi-Functional GaN Nanostructures 
 
6.1 Introduction 
Unassisted solar water splitting, with high efficiency and long-term stability, is one 
critical step of solar fuel production by directly converting solar energy to chemical fuels 
without electrical bias.[15, 230, 231] The resulting hydrogen fuel can be generated 
directly on site, readily stored, and distributed to meet the increasing energy demand. 
Solar water splitting is also essential for the artificial photosynthesis conversion of CO2 
to hydrocarbon fuels, [232, 233] which have the potential to replace conventional fossil 
fuels while simultaneously addressing the environmental challenges we face. Recently, 
relatively high solar-to-hydrogen (STH) efficiency has been demonstrated on III-V 
semiconductor photocathodes, e.g. ~19% for TiO2/AlInP-protected GaInP/GaInAs 
double-junction,[22] ~16% for inverted metamorphic GaInP/AlInP-coated GaInP/GaInAs 
double-junction,[17] and ~13% for metal-protected GaInP/GaInAs/Ge triple-junction.[23] 
However, due to the detrimental corrosion in harsh water splitting environment,[17, 22, 
23] such photoelectrodes exhibit extremely poor stability, preventing any practical 
application. While there have been reports on semiconductor photoelectrodes with 
improved stability,[65, 66, 234] those devices generally exhibit extremely low efficiency. 
Achieving semiconductor photoelectrodes that can drive solar water splitting both 
efficiently and stably has remained one of the Holy Grails in solar fuels and artificial 
photosynthesis.[235, 236]  
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Stabilizing the surfaces of high efficiency III-V semiconductor photocathodes by 
employing an extra protection layer has been intensively studied as a potential route to 
address these critical challenges.[18, 103, 125] The surface protection layer should 
exhibit extreme chemical stability and resistance to photo-corrosion in harsh 
photocatalysis environment.[237] It is also critical that the protection layer can cover the 
semiconductor surface conformally and can be synthesized with precisely determined 
chemical composition and electronic properties and large scale manufacturability.[238] 
To maintain the high efficiency, it is essential that the surface passivation material 
possesses a large bandgap to have negligible absorption of solar photons,[25] while 
having a small, or negligible conduction band offset with the underlying semiconductor 
light absorber for efficient extraction of photo-generated charge carriers (electrons). To 
date, however, there has been no demonstration of any surface protection layer that can 
simultaneously meet these essential requirements for achieving high-efficiency and stable 
unassisted solar water splitting.[4, 239, 240] Surface protection schemes, including the 
use of various metal oxides,[18, 48, 65, 163, 241-244] metal contact films, [11, 245, 246] 
and two-dimensional (2D) transition metal dichalcogenides (TMDs), such as MoS2 and 
MoSe2,[66, 247, 248] have been intensively studied but with very limited success. For 
instance, although improved stability has been reported with the use of various surface 
protection schemes, e.g., 100 hours for TiO2-protected Si,[65] 8 days for metal-passivated 
GaAs,[11] and 70 hours for MoS2-protected GaInP2,[66] these measurements were only 
performed in three-electrode configuration, which neither corresponds to, nor is relevant 
for the stability analysis under unbiased solar water splitting condition. When measured 
in two-electrode unbiased solar water splitting,[249] i.e., the conditions required for 
practical solar hydrogen production, high efficiency III-V semiconductor photoelectrodes 
can only yield stability <1 hour even with the incorporation of these extra surface 
protection layers (see Supplementary Table 6.1).[11, 17, 22, 23] Therefore, it is urgently 
required to develop novel surface protection schemes to achieve stable unassisted solar 
water splitting on high efficiency III-V semiconductor photocathodes. 
GaN, one of the most common semiconductor materials already widely used in 
electronics and photonics industries,[103, 250] possesses nearly ideal attributes required 
for protecting the surfaces of high efficiency semiconductor photocathodes.[25] With a 
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large bandgap ~3.4 eV, GaN protection layer induces negligible absorption of 
sunlight.[19] Studies have shown that GaN nanostructures grown by molecular beam 
epitaxy (MBE) can exhibit N-terminated surfaces, which can protect against oxidation 
and photo-corrosion.[25, 26, 103] For example, stable photocatalytic solar water splitting 
(>500 hours) has been demonstrated on InGaN nanowire arrays without using any extra 
surface protection.[26] The conduction band offset between GaN and high efficiency 
photocathodes, e.g. Si, GaAs and InGaP semiconductors is relatively small,[25, 251-253] 
which enables efficient charge carrier (electron) extraction. The deep valence band of 
GaN, on the other hand, can effectively block photo-generated holes and suppress surface 
recombination.[254] Significantly, crystalline GaN, with precisely controlled structural, 
electronic, and optical properties can be manufactured using industry standard process, 
e.g., metal-organic chemical vapor deposition (MOCVD) and MBE, at scale.[255] To 
date, however, there has been no study on the use of GaN to protect the surfaces of 
conventional high efficiency III-V semiconductor photocathodes, due to the 
incompatibility in their processing. GaN has wurtzite crystal structure, and its synthesis 
often requires the use of very high temperature (~1000 °C), whereas conventional III-V 
materials have zinc-blende structure and can be easily damaged at such high processing 
temperature.[256, 257]  
Here, we report the first demonstration of relatively efficient and stable solar water 
splitting utilizing GaN-protected GaInP2/GaAs/Ge triple-junction (GaN/3J) 
photocathodes. We have overcome the incompatibility in GaN and conventional III-V 
materials processing by epitaxially growing GaN nanostructures using plasma-assisted 
MBE (see Section 6.3.1), which enables the conformal deposition of crystalline GaN at 
relatively low temperatures on foreign substrates. Detailed characterization by scanning 
transmission electron microscopy (STEM) showed the absence of structural defects and 
dislocations at the GaN/GaInP2 hetero-interface. It is also found that the integration of 
GaN nanostructured surface protection layer can enhance light absorption due to the 
antireflective effect. The large surface area also leads to increased photocatalytic activity, 
thanks to the textured surface morphology. The monolithic GaN/3J photocathode exhibits 
an STH efficiency ~12.6% measured in two-electrode configuration vs. Pt dark anode at 
zero bias. Significantly, continuous solar water splitting has been stably performed 
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for >50 hours in two-electrode configuration, which is significantly better than that of 
previously reported high efficiency III-V photocathodes, e.g. ~0.5 hour for inverted 
metamorphic TiO2-protected GaInP/GaInAs,[17] AlInPOx-passivated 
AlInP/GaInP/GaInAs,[23] and TiO2-protected AlInP/GaInP/GaInAs.[22] Significantly, 
such GaN protection layer can be controllably synthesized using industry standard 
processing and can be readily manufactured at scale. The newly discovered multi-
functional GaN surface protection scheme, therefore, provides a viable path to achieve 
high efficiency artificial photosynthesis devices with long-term stable operation that was 
previously not possible. 
 
6.2 Results and Discussions 
6.2.1 Design of GaN-protected GaInP2/GaAs/Ge triple-junction photocathode 
Illustrated in Figure 6.1 is the schematic structure and energy band diagram of 
platinized GaN-protected GaInP2/GaAs/Ge triple-junction photocathode for high 
efficiency and stable solar water splitting. GaN nanostructures were epitaxially grown 
atop of an industry available triple junction structure (see Section 6.3 and Supplementary 
Table 6.2), which includes the integrated GaInP2 top cell, GaAs middle cell, and Ge 
bottom cell, respectively. Under illumination, photo-excited electrons are extracted from 
GaInP2 surface through GaN epilayer to the semiconductor/electrolyte interface (liquid 
interface) driving proton reduction reaction for H2 evolution, while photo-generated holes 
flow to the counter electrode through bottom Ge substrate driving O2 evolution. The 
conduction barrier at n+-GaN/n+-GaInP2 hetero-interface is insignificant due to their 
small conduction band offset (<0.2 eV, see Supplementary Figure 6.6),[251-253] which 
ensures efficient transport of photo-generated electrons from GaInP2 surface. 
Schematically shown in Figure 6.1b is the layered structure of GaN/3J photocathode, 
with detailed parameters listed in Supplementary Table 6.2. GaN thin film was grown 
epitaxially on GaInP2 surface by plasma-assisted MBE under N-rich conditions 
promoting the formation of N-terminated surfaces for stable operation (see Section 
6.3.1).[103]  
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Figure 6.1 Design of GaN-protected GaInP2/GaAs/Ge triple junction photocathode for stable and efficient solar 
water splitting. (a) Schematic energy band diagram showing the efficient extraction of photo-generated charge carriers 
(electrons) for proton reduction by the GaN nanostructures. (b) Schematic illustration of GaInP2/GaAs/Ge triple-
junction structure protected by multi-functional GaN nanostructures. 
Supplementary Figure 6.7 demonstrates the current-voltage (I-V) characteristic of 
bare GaInP2/GaAs/Ge triple-junction photovoltaic device, measured under AM 1.5G one-
sun illumination without using any anti-reflective coating. A saturation photocurrent ~9.6 
mA cm-2 is measured, which determines its maximum STH limit ~11.8% for solar water 
splitting if all the photo-generated electrons can drive proton reduction reaction 
efficiently. In addition, the optical and SEM images of such 3J structure with or without 
GaN growth are presented in Supplementary Figure 6.8. It is seen that GaN protection 
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layer can also serve as the anti-reflective coating for reduced surface light reflection, 
demonstrated in Supplementary Figure 6.9, which can possibly provide even higher 
photocurrent. In addition, the textured surface of GaN protection layer provides 
enormous sites for small size Pt cocatalyst deposition, thereby leading to more efficient 
photocatalytic proton reduction reaction. Moreover, the intensity modulated photocurrent 
spectroscopy (IMPS) studies revealed that GaN nanostructures could effectively suppress 
the detrimental surface states for charge carrier recombination of the buried photovoltaic 
junction.[25, 258]  
6.2.2 Synthesis and structural characterization of GaN/3J heterostructure 
High quality wurtzite GaN has been demonstrated on Si, SiC, and sapphire substrates 
using MBE and MOCVD, but it has remained difficult to achieve GaN directly on 
conventional III-V materials, due to the difference in crystal structure.[259-262] In this 
work, with the use of plasma-assisted MBE, we have demonstrated crystalline GaN 
nanostructures epitaxially grown on GaInP2 without the formation of extensive defects 
and dislocation. High resolution electron microscopy imaging of the GaN/3J structure 
confirms the key features illustrated in Figure 6.1 - highly crystalline GaN nanostructure 
epitaxially grown on GaInP2 surface with furcated topography decorated by Pt cocatalyst 
nanoparticles. Figure 6.2a shows the elemental mapping of Ga, As, In, and P by energy 
dispersive X-ray (EDX) characteristic signals performed from the cross-view surface of 
GaN/3J sample, confirming the continuous GaN epilayer growth atop GaInP2 surface. 
The uniform growth of GaN surface protection layer is also confirmed by secondary 
electron SEM image, shown in Figure 6.2b, across the triple-junction wafer. 
Demonstrated in Figure 6.2c is the atomic-resolution scanning transmission electron 
microscopy (STEM) image revealing the highly crystalline order that extends throughout 
GaInP2 surface to GaN epilayer. At the interface, crystal dislocations and boundaries 
generally result in serious charge carrier recombination blocking efficient charge carrier 
transfer, which, however, has not been observed at GaN/GaInP2 hetero-interface. Such 
near-perfect epitaxial growth further ensures GaN to fully cover and protect GaInP2 
surface against corrosion in harsh electrolyte solutions. The periodic ordering of atoms 
further demonstrates its high-quality single-crystal structure of GaN epilayer without 
significant dislocations. Photoluminescence (PL) emission spectra measured at room 
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temperature is shown in Supplementary Figure 6.10. The relatively narrow linewidth 
together with strong intensity indicates the highly crystallinity of GaN material. To 
achieve highly efficient water reduction reaction, Pt cocatalyst nanoparticles were 
deposited on GaN surface (see Section 6.3.2). Compared to other planar photocathodes, 
the textured surface of GaN nanostructure provides more surface area, shown in Figure 
6.2d, for efficient water reduction reaction with Pt deposition. Demonstrated in Figure 
6.2e are the small-size Pt nanoparticles with high crystallinity anchored on GaN surface 
for facilitating water reduction reaction (see Supplementary Figure 6.11). 
 
Figure 6.2 Structural characterization of the GaN/3J photocathode for solar water splitting. (a) Dark-field 
scanning transmission electron microscope (DF-STEM) image with EDX maps showing Ga, In, As, and P elemental 
distributions. The red arrow indicates the growth direction of GaN epilayer. Scale bar: 250 nm. (b) Cross-view 
secondary electron SEM image showing uniform GaN thickness grown atop GaInP2 surface. The red arrow indicates 
the growth direction of GaN epilayer. Scale bar: 500 nm. (c) Atomic resolution DF-STEM image reveals highly 
crystalline GaN nanostructure epitaxially grown on GaInP2 surface without dislocations. Scale bar: 5 nm. (d) Top-view 
secondary electron SEM image shows the nanostructured surface topography of GaN protection layer, which provides 
more surface area for water splitting reaction. Scale bar: 500 nm. (e) Dark-field STEM image demonstrates the uniform 
deposition of small-size Pt cocatalyst nanoparticles on GaN surface. Scale bar: 5 nm. 
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6.2.3 Photoelectrochemical performance measured in three-electrode configuration 
Photoelectrochemical measurements of the monolithic GaN/3J photocathode were 
firstly performed in a three-electrode configuration with a Pt counter electrode and an 
Ag/AgCl reference electrode in 0.1 M H2SO4 electrolyte solution under simulated AM 
1.5G one-sun illumination (see Section 6.3.3). Shown in Figure 6.3a is linear sweep 
voltammetry (LSV) measurement of the platinized GaN/3J photocathode under chopped 
light illumination. The measured photocurrent ~10.3 mA cm-2 is slightly higher than the 
photovoltaic current ~9.7 mA cm-2 in Supplementary Figure 6.7, due to the anti-reflection 
effect of GaN nanostructures as demonstrated in Supplementary Figure 6.8 and 6.9. The 
measured dark current (~18 µA cm-2) is negligible compared to the light current, 
suggesting that photocurrent originates from solar energy conversion on GaN/3J 
photocathode. Furthermore, a very large onset potential, ~2.2 V vs. RHE, agrees well 
with the open-circuit voltage value (~2.3 V) shown in Supplementary Figure 6.7. The 
applied bias photon-to-current conversion efficiency (ABPE) is further plotted in Figure 
3b (see Section 6.4.2.1). A maximum ABPE ~13.5% is measured at an applied bias of 
~1.4 V vs. RHE.  
 
Figure 6.3 Photoelectrochemical measurements of the GaN/3J photocathode in three-electrode configuration 
under AM 1.5G one-sun illumination. (a) Linear sweep voltammetry (LSV) measurement of GaN/3J photocathode 
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under chopped light illumination. (b) Applied bias photon-to-current conversion efficiency (ABPE) of the GaN/3J 
photocathode vs. applied bias. Also shown in the figure are the LSV plots measured under dark and illumination. (c) 
Open circuit potential (OCP) measurement of GaN/3J photocathode under cyclic light or dark conditions. (d) Long-
term stability test of GaN/3J photocathode for 80 hours solar water splitting.  
Open circuit potential (OCP) measurement, shown in Figure 6.3c, confirms the 
downward surface band bending of GaN/3J photocathode under solar illumination,[170] 
which is suitable for electron extraction to drive water reduction reaction.[204] In 
addition, a large PEC voltage (~1.5 V) may indicate the onset potential of such GaN/3J 
photocathode measured in two-electrode configuration.[23, 263] The rapid transition 
between dark and light conditions demonstrates the efficient charge carrier extraction for 
proton reduction reaction at the liquid interface.[225, 264-266] We have further 
performed long-term solar water splitting measurement on the platinized GaN/3J 
photocathode at zero bias vs. RHE, demonstrated in Figure 6.3d, wherein stability test 
was conducted for continuous water splitting (see Section 6.3.3).[267] The demonstration 
of 80 hours solar water splitting for GaN/3J photocathode with an ABPE >13% in this 
work is the best reported stability for III-V semiconductor photocathodes, compared to 10 
hours for inverted metamorphic TiO2-protected GaInP/GaInAs,[17] 16 hours for 
AlInPOx-passivated AlInP/GaInP/GaInAs,[23] and 50 hours for TiO2-protected 
AlInP/GaInP/GaInAs[22] (see Supplementary Table 6.1). 
6.2.4 Unassisted solar water splitting measured in two-electrode configuration 
While most of the stability studies for photoelectrochemical water splitting were 
performed in three-electrode configuration, it is important to note that the three-electrode 
measurement does not represent true unbiased solar water splitting conditions. Stability 
measurements performed under unbiased two-electrode configuration is essentially 
required to evaluate the long-term stability of semiconductor photoelectrodes. In this 
regard, we have further performed unassisted solar water splitting on the monolithic 
GaN/3J photocathode in a two-electrode configuration versus a Pt counter electrode in 
0.1 M H2SO4 electrolyte solution under simulated AM 1.5G one-sun illumination, 
illustrated in Figure 6.4a (see Section 6.3.3). Spontaneous H2 and O2 gas generation is 
clearly observed from the working and counter electrode, respectively. Shown in Figure 
6.4b and 6.4c are the linear sweep voltammetry (LSV) measurement of GaN/3J 
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photocathode under chopped and constant light illumination, respectively, where the 
measured photocurrent originates from solar hydrogen conversion with a negligible dark 
current (<10 µA cm-2). A large onset voltage ~1.55 V is observed, which corresponds 
well with the OCP measurement shown in Figure 6.3c. At ~0.7 V vs counter electrode, a 
saturation photocurrent (~10.3 mA cm-2) is achieved, which enables the GaN/3J 
photocathode to reach a light-limited STH efficiency of 12.6% (see Section 6.4.2.2). 
Important factors that contribute to the relatively high STH efficiency include efficient 
electron transport through GaN film and enormous small-size Pt cocatalyst nanoparticles 
on textured GaN surface. Shown in Supplementary Figure 6.12 is the effect of using 
different Pt deposition methods, wherein electroplating method demonstrates the best 
photoelectrochemical performance with large onset potential and fill factor, achieving the 
light-limiting photocurrent at zero bias (see Section 6.3). Considering the small 
photovoltage ~0.3 V provided by bottom Ge junction,[268-270] compared to the large 
saturation voltage ~0.7 V vs. counter electrode in two electrode configuration, we can 
reasonably conclude that GaN-protected GaInP2/GaAs double-junction tandem structure 
can drive unassisted solar water splitting with significantly improved (light-limited) 
efficiency. In addition, the use of RuOx, IrOx or other high performance counter electrode 
for more efficient water oxidation reaction will lead to further improved performance.[19, 
234, 271-273]  
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Figure 6.4 Photoelectrochemical measurements of the GaN/3J photocathode in two-electrode configuration 
under AM 1.5G one-sun illumination. (a) Schematic illustration of the two-electrode measurement of GaN/3J 
photocathode versus a Pt counter electrode (Pt C.E.). (b-c) Linear sweep voltammetry measurement of GaN/3J 
photocathode under chopped illumination (b) and under constant light illumination (c). The current measured under 
dark is also shown. (d) The first four LSV measurements of a platinized 3J photocathode without using GaN surface 
protection, showing significant corrosion and performance degradation from the 1st scan under dark, 2nd scan under 
illumination, 3rd scan under dark, to 4th scan under illumination. (e) H2 gas production (red dots) for ~2.5 hours 
continuous solar water splitting, which agrees well with the theoretical value (red solid curve) calculated from the 
photocurrent (blue solid curve) with a unity Faraday efficiency. (f) Stability evaluation of GaN/3J photocathode, 
showing that a relatively high STH >10% is measured for >50 hours unassisted solar water splitting.  
The most important function of such epitaxial GaN nanostructure is to protect buried 
3J structure against corrosion for stabilizing operation, which has been elusive for high 
efficiency III-V photoelectrodes.[22] Previous reports have demonstrated that MBE-
grown GaN nanostructure is stable in harsh solar water splitting environment, due to the 
formation of N-terminated surfaces.[25, 103] Figure 6.4d shows that, without GaN 
passivation layer, significant corrosion easily happened to bare III-V triple-junction 
structure in very short time. Moreover, the measured fill factor and onset potential are 
much worse than that using GaN passivation layer, which further demonstrates its multi-
functional properties of GaN nanostructures, including achieving efficient electron 
transport and enhancing catalytic proton reduction. We have also investigated the effect 
of GaN thickness on the performance of GaN/3J photocathode (Supplementary Figure 
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6.13). It is observed that a very thin GaN layer may not effectively protect GaInP2 surface, 
whereas a too thick GaN layer leads to worse fill factor.  
H2 production through unassisted solar water splitting on the GaN/3J photocathode is 
evaluated at zero bias in the two-electrode configuration. Shown in Figure 6.4e is the 
course of H2 gas production (red dot) vs. time, compared to its theoretical value (solid red 
line) calculated from the number of photo-generated electrons flowing through the circuit 
(see Section 6.4.3). It is seen that the measured and calculated hydrogen gas production 
agree well with a nearly unity faradaic efficiency. Long-term stability evaluation of the 
GaN/3J photocathode for unassisted solar water splitting was further performed in two-
electrode configuration, demonstrated in Figure 6.4f. GaN/3J photocathode can operate 
stably for unassisted solar water splitting at >10% STH efficiency for >50 hours. Such a 
long-term stability for true unassisted solar water splitting, i.e., measured at zero bias in 
two-electrode configuration, has not been reported previously (see Supplementary Table 
6.1 and 6.3).  The 10% STH efficiency was suggested to be commercially viable,[274] if 
long-term stability can be maintained. For comparison, for the recently reported ~19% 
achieved on GaInP2/GaAs in 2018,[22] continuous unassisted solar water splitting has 
been demonstrated for only 30 minutes, even when protected by extra TiO2 layer.  
6.2.5 Discussions 
Summarized in Figure 6.5 is the performance comparison of STH efficiency, device 
efficiency, and stability of previously reported photocathodes, mainly GaInP2/GaAs 
tandem structures, compared to GaN/3J photocathode in this work for unassisted solar 
water splitting (see Supplementary Table 6.3). By using multi-functional GaN 
nanostructures, the device efficiency of GaN/3J photocathode reaches >90% of its 
maximum limit, with an electron extraction efficiency ~100%, compared to an 85% 
device efficiency of the previously best reported GaInP2/GaAs photocathode with a TiO2 
protection layer.[22] To date, there have been many demonstrations of TiO2 protected 
photoelectrodes for enhanced stability. However, the electron extraction efficiency of 
TiO2 films is still below 85%,[22, 275] which significantly limits the device efficiency 
(see Supplementary Table 6.3). Furthermore, there has been no demonstration of 
semiconductor photocathodes with an STH efficiency >10% and stability >50 hours, 
even by depositing extra surface protection layer,[62] for unassisted solar water splitting 
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(see Supplementary Figure 6.14). TiO2 thin film can protect photoelectrodes for >100 
hours in three-electrode measurements,[18, 48, 276] but not for unassisted 
photoelectrochemical solar water splitting devices operated in two-electrode 
configuration, which is essentially required for practical application. The important 
advantages of using GaN nanostructures as a surface protection layer include: 1) large 
bandgap ~3.4 eV to have negligible light absorption, 2) negligible conduction band offset 
between GaN and GaInP2 surface for smooth electron transfer, 3) large surface area for Pt 
cocatalyst deposition driving efficient proton reduction reaction, 4) extreme chemical 
stability due to N-terminated surface[26], 5) nontoxic, 6) controlled and reproducible 
molecular beam epitaxial growth, and 7) earth abundant and large scale manufacturability.   
 
Figure 6.5 Performance comparison of previously reported high efficiency photocathodes with this work. (Left) 
Solar-to-hydrogen (STH) efficiency plotted vs. the device efficiency. (Right) STH efficiency vs. the reported stability.   
In summary, we report on the demonstration of GaN/3J photocathode for high 
efficiency, stable solar water splitting by using multi-functional GaN nanostructures as 
novel surface protection layer. When measured in two-electrode configuration, the 
GaN/3J photocathode can exhibit a true STH efficiency of ~12.6% at zero bias. Moreover, 
long term stability has been demonstrated on GaN protected 3J photocathode for >50 
hours in two-electrode configuration at an STH efficiency >10%. Such multi-functional 
GaN nanostructures can be monolithically integrated on GaInP2/GaInAs tandem structure, 
to potentially achieve semiconductor photocathode with STH efficiency >20% for stable 
unassisted water splitting.   
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6.3 Experimental Section 
6.3.1 GaN/3J photocathode fabrication 
The commercially available GaInP2/GaAs/Ge triple-junction wafer (purchased from 
IQE Ltd.) was used in this study, with details in Supplementary Table 6.2. GaN 
nanostructures were grown atop the wafer by plasma-assisted molecular beam epitaxy 
(MBE) under nitrogen-rich conditions to promote the formation of N-terminated surfaces. 
Growth parameters used in this study include a substrate temperature at ~500 °C, gallium 
(Ga) beam equivalent pressure (BEP) of 9E-8 Torr, germanium (Ge) cell temperature at 
1050 °C, nitrogen flow rate of 1 sccm, and nitrogen plasma power of 350 W. The growth 
duration was varied from 15 to 60 mins, which leads to GaN protection layers with 
different thicknesses. 
6.3.2 Platinum nanoparticles deposition 
Platinum (Pt) nanoparticles were deposited on textured GaN nanostructure surfaces as 
the cocatalyst nanoparticles for efficient proton reduction reaction by using an 
electroplating deposition method. Prepared in a three-electrode configuration versus Pt 
counter electrode and Ag/AgCl reference electrode, the GaN/3J photocathode was kept at 
~0 V vs. RHE for 165 seconds in 1 mmol H2PtCl6 precursor solution under AM 1.5G 
one-sun illumination. The platinized GaN/3J photocathode was rinsed by pure water and 
then dried under argon ambient for subsequent photoelectrochemical measurements. 
Other deposition methods were also investigated, including ultraviolet-assisted 
photodeposition and electron-beam evaporation. However, their performance was not 
comparable to the electroplating deposition. 
6.3.3 Photoelectrochemical measurements 
Photoelectrochemical (PEC) measurements were conducted in both three-electrode 
and two-electrode configurations in 0.1 M H2SO4 electrolyte solution (pH ~1) equipped 
with a Newport solar simulator with AM 1.5G filter and one-sun intensity. The Ag/AgCl 
reference electrode was only used for three electrode measurements. Gamry potentiostat 
device was used to perform all the PEC measurements including linear sweep 
voltammetry, chronoamperometry, and open circuit potential tests. H2 gas production 
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from solar water splitting on GaN/3J photocathode was analyzed by injecting 1 mL gas 
sampling into a Shimazdu gas chromatograph machine (GC-8A). The active area of 
GaN/3J photocathode is in the range of 0.05~0.2 cm2. For long-term experiment in three-
electrode configuration, the electrolyte was periodically refreshed to avoid accumulated 
heating effect.  
6.3.4 Structural and optical characterization 
Room-temperature photoluminescence properties of MBE-grown GaN nanostructures 
were measured using a He-Cd 325 nm excitation laser. SEM images were recorded with a 
secondary electron detector using a Hitachi SU8000 system (5 kV) and a Tescan MIRA3 
system (15 kV) with an EDX detector. High angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) images were collected using a JEOL 
3100R05 microscope with Cs aberration corrected STEM (300 keV). Sample for STEM 
characterization was prepared using bladed exfoliation or in cross-section view by 
mechanical wedge polishing. 
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6.4 Supporting Information 
6.4.1 Supplementary figures 
 
Figure 6.6 Flat band diagram of GaInP2 and GaN semiconductors.[252] Water redox potentials are listed as in pH ~1 
acidic electrolyte solutions. The small conduction band offset (<0.2 eV) ensures smooth charge carrier transfer of 
photo-excited electrons from GaInP2 surface to GaN protection layer.  
 
Figure 6.7 Measured current-voltage characteristics of GaInP2/GaAs/Ge triple junction photovoltaic device under AM 
1.5G one sun illumination. 
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Figure 6.8 Optical and SEM images of GaInP2/GaAs/Ge triple-junction samples with or without GaN nanostructures. 
Scale bar: 5 µm.  
 
Figure 6.9 Ellipsometric spectrum measured for surface light reflection of GaN protected 3J wafer and bare 3J wafer, 
showing the reduced reflection for GaN/3J.  
111 
 
 
Figure 6.10 Photoluminescence emission spectrum of the multifunctional GaN nanofilm measured at room temperature.  
 
Figure 6.11 Dark-field STEM image revealing the uniform deposition of Pt cocatalyst nanoparticles on GaN 
nanostructure surfaces. 
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Figure 6.12 Photoelectrochemical performance of the multi-functional GaN/3J photocathodes using different platinum 
deposition methods. The LSV measurements were performed in two-electrode configuration under AM 1.5G one-sun 
illumination.  
 
Figure 6.13 Linear sweep voltammetry measurement of GaN/3J photocathode with varied GaN film thicknesses, 
represented by the growth duration time of 15 mins, 30 mins, and 60 mins, respectively. The measurement for 30 mins 
is the same as that shown in Figure 6.4c.  
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Figure 6.14 STH efficiency and stability of previously reported photoelectrodes achieving unassisted solar water 
splitting measured in two-electrode configuration, compared to the GaN/3J photocathode demonstrated in this work. 
6.4.2 Supplementary notes 
6.4.2.1 Applied-bias photon-to-current conversion efficiency 
As measured in three-electrode configuration, there is external electrical bias applied 
to the working electrode, wherein STH conversion efficiency cannot be derived. On the 
other side, applied-bias photon-to-current efficiency (ABPE) is defined to evaluate the 
performance for solar water half reactions, so-called water reduction reaction. For the 
GaN/3J photocathode demonstrated in Figure 6.3, ABPE values can be calculated using 
Equation (6-1).[25]  
ABPE (%) =  𝑘𝑘𝑝𝑝ℎ �𝜇𝜇𝐴𝐴∙𝑐𝑐𝜇𝜇−2� × 𝑉𝑉𝑎𝑎𝑝𝑝𝑝𝑝 (𝑉𝑉 𝑣𝑣𝑠𝑠.  𝑅𝑅𝐻𝐻𝑅𝑅)
𝑃𝑃𝑖𝑖𝑖𝑖 (𝜇𝜇𝑚𝑚∙𝑐𝑐𝜇𝜇−2)  × 100%                    (6-1) 
where Jph is the measured photocurrent of a photocathode in a three-electrode 
configuration (Figure 6.3b), Vapp represents the external electric bias (V vs. RHE), and Pin 
is power density of the incident light (100 mW cm-2 in this work).  
6.4.2.2 Solar-to-hydrogen conversion efficiency 
For overall water splitting measured in two-electrode configuration, the solar-to-
hydrogen (STH) conversion efficiency is defined as the chemical energy of generated H2 
gas divided by the solar energy of incident light, which can be simplified to the output 
power divided by incident solar power. The energy conversion efficiency for solar water 
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splitting is measured in two-electrode configuration without any sacrificial reagents. We 
can calculate the STH efficiency using Equation (6-2) below,[277] based on the LSV 
measurement under light in Figure 6.4c.  
STH =  [𝑘𝑘𝑝𝑝ℎ �𝜇𝜇𝐴𝐴 𝑐𝑐𝜇𝜇−2�×1.23𝑉𝑉
𝑃𝑃𝑖𝑖𝑖𝑖 (𝜇𝜇𝑚𝑚 𝑐𝑐𝜇𝜇−2) ]𝐴𝐴𝐴𝐴1.5𝐺𝐺                                  (6-2) 
where Jph is the measured photocurrent at zero bias a two-electrode configuration, and Pin 
is power density of the incident light (100 mW cm-2 in this work).  
6.4.2.3 H2 gas production by Faradaic law 
H2 gas production of GaN/3J photocathode was measured in two-electrode 
configuration for ~2.5 hours unassisted solar water splitting using a gas chromatograph 
(GC-8A, Shimadzu). In addition, the ideal gas production can be calculated using 
Equation (6-3) below based on the Faraday’s law of water electrolysis.[63, 64] Therefore, 
we can calculate the theoretical H2 gas production by assuming a unity faradaic 
efficiency (η = 1), shown as the solid line in Figure 6.4e. Due to the nearly perfect match 
between the measured H2 production and the calculated values, shown in Figure 6.4e, the 
faradaic efficiency is demonstrated to be nearly unity.  
𝐻𝐻2 production =  0.5 ×  ∫ 𝑘𝑘𝑝𝑝ℎ𝑖𝑖𝑔𝑔𝑡𝑡0 𝐹𝐹  ×  η                              (6-3) 
where Jph is the measured photocurrent during solar water splitting experiments, t is the 
experiment time for solar water splitting, F represents the Faraday constant (96485 C 
mol-1), and η is the faradaic efficiency.  
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6.4.3 Supplementary tables 
Table 6.1 Summary of stability of some previously reported high-efficiency photocathodes measured in three-electrode 
(3E) configuration for half-cell water reduction reaction and in two-electrode (2E) configuration for unassisted solar 
water splitting, and the comparison with the GaN/3J photocathode presented in this work. All measurements were 
performed under AM 1.5G one-sun illumination.  
Materials 
STH 
efficiency 
Electrolyte 
3E 
stability 
2E 
stability 
Surface 
protection 
Ref. 
Platinized Multi-functional 
GaN/3J 
12.6% H2SO4 80 hours 57 hours GaN This work 
Inverted metamorphic  
PtRu-GaInP/GaInAs 
16.2% H2SO4 10 hours 0.5 hour TiO2 [17] 
Pt-AlInPOx/AlInP/ 
GaInP/GaInAs 
14% HClO4 16 hours <0.5 hour Rh film/ 
AlInPOx 
[23] 
Pt-metal/n+p-GaAs cathode & 
IrOx/metal/p+n-GaAs anode 
13.1% H2SO4 10 hours <0.5 hour Metal film [11] 
Ru-TiO2/oxide/AlInP/GaInP/ 
GaInAs/GaAs 
19.3% KH2PO4 
/K2HPO4 
50 hours 0.5 hour TiO2 [22] 
 
Table 6.2 GaInP2/GaAs/Ge triple-junction (3J) structure used in this work for preparing GaN/3J photocathode.  
Layer Materials 
Thickness 
(µm) 
Dopant Doping type 
Dopant concentration 
(cm-3) 
11 Ga0.44In0.56P 0.1 Silicon N 5E+17 
10 Ga0.44In0.56P 0.5 Zinc P 1.2E+17 
9 Al0.11Ga0.33In0.56P 0.03 Zinc P 1E+18 
8 Al0.45Ga0.55As 0.06 Carbon P 2E+20 
7 Ga0.44In0.56P 0.06 Tellurium N 1E+20 
6 Ga0.98In0.02As 0.1 Silicon N 5E+18 
5 Ga0.98In0.02As 3.4 Zinc P 1.2E+17 
4 Ga0.44In0.56P 0.1 Zinc P 1E+18 
3 GaAs 0.08 Carbon P 1E+20 
2 GaAs 0.03 Tellurium N 6E+19 
1 Ga0.98In0.02As 0.8 Silicon N 5E+18 
0 Ge wafer 170 Gallium P N/A 
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Table 6.3 Summary of the photoelectrochemical performance of previously reported high-efficiency photocathodes 
achieving unassisted solar water splitting, and the comparison with the GaN/3J photocathode presented in this work. 
All measurements were performed under AM 1.5G one-sun illumination unless noted. 
Materials 
STH 
efficiency 
(%) 
Theoretic 
limit 
(%) 
Device 
efficiency 
(%) 
Unbiased 
stability 
(h) 
Extra 
Protection 
layer 
Year [Ref.] 
Platinized Multi-functional 
GaN/3J 
12.5 13.6 92 57 N/A This work 
Rh-TiO2-AlInP/GaInP-
/GaInAs/GaAs-RuOx 
19.3 22.8 85 0.5 TiO2 2018 [22] 
PtRu-GaInP/AlInP/GaInP-
GaInP/GaInAs 
16.2 24.2 67 0.4 n-GaInP 2017 [17] 
Pt-metal/n+pGaAs &  
IrOx-metal/p+nGaAs 
13.1 N/A N/A N/A ohmic 
metal layer 
2017 [11] 
Pt-TiO2-3J-SUS-IrO2[a] 11.2 13.6 82 2 TiO2 2017 [61] 
Pt-TiO2-Dye |cDBR/ITO|  
Pt-BiVO4/WO3 
7.1 N/A N/A 10 TiO2 2016 [62] 
Rh/AlInP-GaInP/GaInAs-
RuO2 
14 22.8 61 0.04 N/A 2015 [23] 
Ni-TiO2/GaInP/GaAs[b]  10.5 19.7 53 40 Thick TiO2 2015 [278] 
Pt/GaInP2/GaAs[c] 12.4 24 52 10 N/A 1998 [15] 
[a] Wireless device 
[b] Photoanode structure. 
[c] Measured under 1190 mW/cm2 tungsten-halogen white light illumination.  
 
 
6.5 Summary 
In this chapter, we report the GaN/3J photocathode for high efficiency, stable solar 
water splitting by using a multi-functional GaN surface protection layer. When measured 
in the two-electrode configuration, the monolithic GaN/3J photocathode can exhibit a 
true STH efficiency of ~12.6% at zero bias. Moreover, long term stability has been 
demonstrated on GaN protected 3J photocathode for 80 hours in three-electrode 
configuration and 57 hours in two-electrode measurement at zero bias with an 
efficiency >10%, which is the best reported stability for high efficiency multi-junction 
semiconductor photocathodes. The multifunctional GaN nanostructure not only 
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significantly reduces the charge transfer resistance at semiconductor/electrolyte interface 
but also protects buried III-V materials against corrosion. Such multi-functional GaN 
photocatalytic nanostructure provides a new pathway to protect conventionally efficient, 
but unstable photoelectrodes to achieve both efficient and stable operation for unassisted 
solar water splitting at scale.    
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CHAPTER VII 
 
Wafer-Scale Synthesis of Monolayer WSe2: A Multi-Functional Photocatalyst for 
Efficient Overall Pure Water Splitting 
 
7.1 Introduction 
Solar water splitting, through the dissociation of water molecules to H2 and O2, is one 
significant step of artificial photosynthesis to solve future energy and environmental 
issues.[128, 279] Critical to the development of an efficient solar water splitting cell is 
the integration of catalysts, for water oxidation and/or proton reduction, with the 
semiconductor light absorber. For practical applications, it is also essential that the 
catalysts are of low cost and are earth-abundant. Si and III-V semiconductor materials[4, 
15, 18, 186, 280] have been extensively studied for solar-to-fuel conversion due to the 
efficient light absorption. However, their operation often requires the use of expensive 
noble metal catalysts and their performance suffers from serious photo-corrosion.[15, 18] 
Moreover, the substrates to grow III-V semiconductors are prohibitively expensive, and it 
is extremely difficult to integrate III-V semiconductor light absorbers on low cost foreign 
substrates, due to the lattice mismatch related issues.[11, 257, 281] Additionally, 
previously reported photocatalysts, such as CoOx, IrOx, Pt, MoS2, and RuOx are only 
capable of either oxidizing water[11, 34, 224] or proton reduction[10, 37, 282, 283]. To 
efficiently catalyze overall water splitting, the integration of dual catalysts with light 
absorbers is required. In such systems, charge carrier transport from the semiconductor 
light absorber to the catalyst is often hindered by the presence of impurities and/or 
potential barriers related to imperfect band alignment.[21, 284] It has been envisioned 
that a multi-functional photocatalyst, that exhibit both catalytic and light harvesting 
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capacities, can potentially address the challenges and performance bottlenecks of solar 
water splitting by minimizing the over-potential requirement, enhancing charge carrier 
transport and collection efficiency, and reducing the fabrication cost.[11, 279] 
Recently, two-dimensional (2D) transitional metal dichalcogenides (TMDCs) have 
been intensively studied for electronic, optoelectronic, and solar energy device 
applications.[285-289] Among various TMDCs, monolayer WSe2 has a direct bandgap of 
~1.65 eV and can absorb visible light efficiently while promising a relatively large 
photovoltage. Even for a single monolayer, 1~5% light[290, 291] can be absorbed for 
photons with energy above the bandgap. Significantly, the energy band edges of 
monolayer WSe2 can straddle water redox reactions:[67, 292-294] its conduction band 
edge is positioned slightly more negative than the water reduction potential, while its 
valence band edge is located more positive than water oxidation potential and can 
therefore drive oxygen evolution which is normally a bottleneck for water splitting. 
Previously, WSe2 was used as a photoanode in iodate electrolytes.[295-297] Recent 
studies have shown that monolayer TMDC provides catalytic sites[282, 298-300] at 
edges for water redox reaction, which was not significant in bulk TMDC materials, and 
hydrogen evolution reaction through TMDC 2D materials has been intensively 
studied.[283, 298, 301] To date, however, there have been no reports on overall water 
splitting on monolayer or few layers WSe2, and their capacity for water oxidation has 
remained largely unknown.[299] This has been limited, in part, by the lack of controlled 
synthesis of large area TMDC atomic crystals. Recently, significant efforts have been 
devoted toward the large area growth of TMDC monolayers using chemical vapor 
deposition (CVD) and physical vapor deposition (PVD),[285, 289, 302-304] but with 
limited success.  
To achieve scalable, low cost solar water splitting devices and systems, it is highly 
desired to integrate TMDC catalysts on nonconventional substrates, such as amorphous 
SiOx or metal substrates. In this work, by exploiting two-dimensional van der Waals 
(vdW) growth,[67, 287] we have investigated the molecular beam epitaxial (MBE) 
growth and structural, optical and photocatalytic characteristics of monolayer and multi-
layer WSe2 directly on amorphous SiOx templates. This is in direct contrast to previous 
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MBE attempts of isolated TMDC flakes on crystalline substrates.[67, 305-308] The vdW 
epitaxy of large area, uniform, and crystalline WSe2 on amorphous substrates is 
unambiguously supported by the streaky reflection high-energy electron diffraction 
(RHEED) pattern, a widely used technique to distinguish single crystalline, 
polycrystalline, and amorphous structures during epitaxy, and by detailed transmission 
electron microscopy (TEM) studies. The formation of uniform, continuous WSe2 
monolayer on 2'' SiOx templates is further confirmed by detailed optical studies, 
including photoluminescence (PL) and Raman mapping. We have further demonstrated 
that, through the seamless integration of catalytic properties with light harvesting 
capacity, monolayer WSe2 can serve as a multi-functional photocatalyst and offer distinct 
advantages for solar water splitting, including significantly reduced over-potential, high 
efficiency, and stability. 
 
7.2 Results and Discussions 
7.2.1 Molecular beam epitaxial growth 
2D WSe2 layers were grown on amorphous SiOx substrates using a Veeco GENxplor 
MBE system (see Section 7.4.1). The observation of streaky RHEED feature during vdW 
growth of monolayer WSe2 film is shown in Figure 7.1a, which provides unambiguous 
evidence for the achievement of crystalline WSe2 directly on amorphous substrates with 
atomically smooth surface. Similar streaky RHEED feature was reported for WSe2 
epitaxy previously, but the growth took place on crystalline GaAs and graphite substrates. 
[67, 305-308] Moreover, with the vdW interaction between WSe2 layers,[67, 289] 
multilayer WSe2 films can be directly synthesized on a wafer scale. Optical images of 
WSe2 grown on SiOx are shown in Supplementary Figure 7.4 and 7.5 and RHEED 
observation of WSe2 grown on sapphire is displayed in Supplementary Figure 7.6. 
Stoichiometric analysis of epitaxial WSe2 was performed using high-resolution X-ray 
photoelectron spectroscopy (XPS), shown in Figure 7.1b. The atomic percentage ratio of 
W and Se was measured to be ~1:2, suggesting the formation of nearly stoichiometric 
WSe2. The absence of W and Se oxidation peaks confirms the high purity of epitaxial 
WSe2. Elemental analysis of monolayer WSe2 was further analyzed by energy dispersive 
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X-ray spectroscopy (EDX) as shown in Supplementary Figure 7.7. A typical optical 
microscope image of monolayer WSe2 grown on SiOx is shown in Figure 7.1c, and its 
thickness was measured to be ~0.8 nm by atomic force microscopy (AFM). 
 
Figure 7.1 Growth and characterization of monolayer WSe2 directly on SiOx templates. (a) In-situ observation of 
RHEED patterns during MBE growth of WSe2 monolayer on SiOx/Si substrates. (b) XPS spectra of W and Se core-
level peaks. The atomic percentage ratio of W and Se was determined to be ~1:2. (c) Optical microscope image of bare 
SiOx/Si substrate and as-grown WSe2 monolayer sample; partial WSe2 film was intentionally removed to expose SiOx 
surface. The insert is an AFM height measurement revealing its thickness of ~0.8 nm corresponding to monolayer 
WSe2 film.  
7.2.2 Optical properties 
PL and Raman footprint of 1-3ML WSe2 films are investigated to elucidate their 
optical properties. Figure 7.2a compares the PL spectra of 1-3ML WSe2 samples 
measured at room temperature (R.T.). With increasing thickness, the energy bandgap, 
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evidenced by the PL peak position,[280, 290, 291, 309] is reduced gradually. The 
relatively large full-width-at-half-maximum (FWHM, ~45 nm) is attributed to the 
inhomogeneous broadening associated with the presence of defects and grain boundaries. 
Shown in Figure 7.2b are the Raman scattering spectra for WSe2 samples with different 
thicknesses. One in-plane vibration mode E2g at ~250.8 cm-1 is observed for identifying 
WSe2 nanostructures; the shoulder peak A1g, representing out-of-plane vibration, at 
~260.2 cm-1 is undetected in monolayer sample but is present in thicker layers.[307, 310] 
There are also several weak modes at 350~400 cm-1 representing second-order 
vibration[304] for WSe2 crystals. A typical Raman mapping of E2g scattering at ~250.8 
cm-1 is shown in Figure 7.2c. Some WSe2 material was intentionally removed to expose 
SiOx surface for better observation under optical microscope.  
 
Figure 7.2 Optical properties and crystal structures of 1-3ML WSe2 nanostructures. (a) Micro-photoluminescence 
spectra of 1-3ML WSe2; the gray arrow indicates the reduced energy gap of WSe2 with increased thickness. (b) Micro-
Raman spectra of 1-3ML WSe2 samples at room temperature; E2g peak at ~250.8 cm-1 is the identification of WSe2 
crystals. (c) Raman mapping of E2g peak, in 50 µm × 50 µm region as labeled under optical microscope, where some 
material was deliberately removed to expose SiOx surface. (d) Schematic atomic configuration of 2H-WSe2 crystal with 
layered structure. The dashed hexagon represents the distribution of tungsten atoms.  (e) High-resolution plane-view 
TEM image of WSe2 monolayer film and the insert corresponds to selected area electron diffraction pattern. The 
suspended solid hexagons in Figure 7.2e represent W atomic distribution of 2H-WSe2 crystal. (f) Lateral view of 
multilayer WSe2 revealing its layer-by-layer stacking structure. 
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7.2.3 Crystal structure 
Monolayer WSe2 consists of three atom layers where W atom layer is sandwiched 
between two equivalent Se layers by forming interatomic covalent bonding.[288, 311] 
The atomic structure[293, 312] of 2H-phase WSe2 crystal is schematically depicted in 
Figure 7.2d. Tungsten atoms form face-centered hexagonal pattern[313] and only van der 
Waals force exists between layers. High-resolution transmission electron microscopy 
(HR-TEM) was utilized to observe its hexagonal symmetry and layer structure of WSe2 
sample, shown in Figure 7.2e,f. The corresponding selected area electron diffraction 
(SAED) pattern within six-fold symmetry demonstrates that it is monolayer crystal 
structure with a hexagonal lattice.[288] Red solid hexagons in Figure 7.2e represent the 
atomic distribution of tungsten in WSe2 crystal, which reflects a three-fold rotational 
symmetry in 2H phase. Recent studies have shown that the edge sites of 2H-phase 
TMDC are catalytically active.[282, 298] In this study, during the MBE growth of WSe2, 
a large number of edge sites are spontaneously formed, as shown in Supplementary 
Figure 7.8, which can provide catalytic functions.[298-300] Figure 7.2f reveals the layer-
by-layer growth of WSe2 films. The interlayer spacing is determined to be ~0.65 nm for 
one WSe2 layer, which is consistent with theoretical calculation and other experimental 
reports.[67, 289, 291, 302] The atomically smooth layer structure further confirms the 
vdW epitaxy of WSe2 grown on amorphous SiOx substrates by MBE. Light absorption 
property of WSe2, as presented in Supplementary Figure 7.9 and 7.10, was examined by 
ultraviolet-visible spectrophotometry (UV-Vis).  
7.2.4 Photocatalytic overall pure water splitting 
Previous studies have suggested that the band edges of monolayer WSe2 straddles 
water redox reactions,[67, 292-294] schematically illustrated in Figure 7.3a. However, it 
has remained unknown if monolayer WSe2 possesses the capacity to spontaneously drive 
proton reduction and water oxidation under sunlight illumination. In this regard, we first 
performed H2 and O2 evolution half-reactions using sacrificial reagents CH3OH and 
AgNO3, respectively, shown in Figure 7.3b,c. For the H2 evolution half-reaction, CH3OH 
is sacrificially oxidized by photo-generated holes in the valence band, and photo-
generated electrons can reduce H+ to H2 at the catalytic edge sites of monolayer WSe2. 
124 
 
The continuous H2 evolution under light illumination demonstrates the catalytic 
capability of proton reduction for monolayer WSe2 without any other co-catalysts. For O2 
evolution half-reaction, H2O molecule is oxidized to produce O2 gas while the photo-
excited electrons reduce Ag+ to Ag. The continuous O2 generation shown in Figure 7.3c 
confirms the catalytic ability of water oxidation for monolayer WSe2. In these studies, we 
have performed detailed control experiments on SiOx/Si wafer without the presence of 
monolayer WSe2, no H2 or O2 production was measured within the experimental error. 
The continuous evolution of H2 and O2, shown in Figure 7.3b,c, therefore suggests that 
the conduction and valence band edges of monolayer WSe2 meet the thermodynamic and 
kinetic requirements for solar water splitting. This is somewhat surprising, given the 
relatively narrow energy bandgap (~1.65 eV) of monolayer WSe2 and small overpotential 
for proton reduction (~0.1 eV) and water oxidation (~0.3 eV), shown in Figure 7.3a. 
However, in monolayer WSe2 photocatalyst, charge carrier generation via 
photoexcitation and catalytic reaction take place approximately at the same location. As 
such, photoexcited high-energy electrons and holes can possibly drive proton reduction 
and water oxidation before cooling to excitons. The resulting hot carrier effect can 
significantly enhance the photocatalytic activity, which has been reported 
previously.[313-316] In addition, being in close proximity for the key steps in water 
splitting reaction, including photoexcitation, charge carrier generation and extraction, and 
catalytic reaction may enhance the thermodynamic and kinetic coupling of sequential 
reactions at the nanoscale, which has been a topic being intensively investigated.[317-319]  
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Figure 7.3 Solar water splitting measurements of MBE-grown multi-functional monolayer WSe2 photocatalyst. 
(a) Schematic illustration of overall water splitting reaction on monolayer WSe2 without incorporating any co-catalyst. 
Inset: conduction and valence band edge positions vs. water reduction and water oxidation reactions in pH=7 water 
solution. (b) H2 and (c) O2 evolution half reactions in the presence of sacrificial reagents, methanol and silver nitrate 
solutions, respectively, over monolayer WSe2 under a 300 W full arc xenon lamp illumination. (d) Overall 
photocatalytic water splitting on monolayer WSe2 under a 300 W xenon lamp irradiation with an AM 1.5G optical filter. 
No degradation of the photocatalytic activity was observed during the course of the reaction. 
We have subsequently investigated overall solar water splitting on monolayer WSe2 
in pure water (see Section 7.4.3). Shown in Figure 7.3d, the H2/O2 evolution ratio is 
nearly stoichiometric, in the range of 1.95-2.1, confirming the reaction is direct water 
splitting. H2 generation rate is measured to be ~48.4 µmol h-1 cm-2 corresponding to 
~0.145% solar-to-hydrogen (STH) conversion efficiency and ~12.3% absorbed photon 
conversion efficiency (APCE). Detailed calculations are shown in Section 7.5.2. It is 
noticed that the photon-to-electron conversion efficiency may be limited by non-radiative 
recombination, due to the presence of defects.[320, 321] The reported solar-to-hydrogen 
conversion efficiency of ~0.145% on monolayer WSe2 is compared favorably with the 
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maximum power conversion efficiency (~0.2%) of WSe2-MoSe2 and WSe2-WSe2 p-n 
junctions reported previously.[302, 311] The turnover number, defined as the ratio of the 
total amount of gas evolved (143 µmol cm-2 for H2 and O2) to the amount of WSe2 
photocatalyst material (1.75×10-3 µmol cm-2), exceeded 80,000 during the course of ~2 h 
of pure water splitting. We have further investigated the variation of STH efficiency for 
overall pure water splitting on monolayer WSe2 as a function of light intensity. Shown in 
Supplementary Figure 7.11, STH efficiency showed an increasing trend with increasing 
light intensity, possibly due to the reduced nonradiative recombination at high carrier 
densities. Similar trends have also been observed in overall pure water splitting on 
nanowire structures.[128] Finally, when normalized by the volume and mass of the WSe2 
photocatalyst material, the H2 production rates are estimated to be ~18,370 L h-1 cm-3 and 
1,972 L h-1 g-1, respectively, shown in Supplementary Figure 7.12, which are more than 
50 times higher compared to previously best reported photocatalyst (1.6 L h-1 g-1 under 
100 mW cm-2 light) for CoO nanoparticles.[7] As shown in Supplementary Figure 7.13, 
similar photocatalytic results were observed for monolayer WSe2 grown on sapphire 
substrate. In these studies, careful control experiments were performed on both SiOx/Si 
and sapphire without the presence of monolayer WSe2, which did not show any H2 or O2 
evolution. In addition, Rh/Cr2O3/CoOx nanoparticles as cocatalysts did not significantly 
improve the photocatalytic performance of monolayer WSe2, which could be partly due 
to the light blocking effect of the co-catalysts. Illustrated in Supplementary Figure 7.13, 
we have also performed overall water splitting experiments on 2ML and 3ML WSe2 
samples, which, however, exhibit negligible photocatalytic activity, possibly due unsuited 
energy band alignment for overall water splitting with increasing thicknesses. 
Photocatalytic stability of 1ML WSe2 samples for overall pure water splitting was further 
studied. There is no significant change of both H2 and O2 gas production over 8 hours, 
shown in Supplementary Figure 7.14, which suggests that monolayer WSe2 exhibit a high 
level of stability. In addition, Raman spectra of 1ML WSe2 sample before and after pure 
water splitting experiments were conducted, as shown in Supplementary Figure 7.15, 
which are nearly identical, indicating monolayer WSe2 was stable during pure water 
splitting experiments. As listed in Supplementary Table 7.1, the photocatalytic 
performance of 1ML WSe2 was further compared to some previously reported 
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semiconductors for pure water splitting experiments. It is seen that the normalized H2 
evolution rate (L h-1 g-1) is orders of magnitude higher than previously reported values, 
showing the extraordinary potential of monolayer materials for solar fuel production.  
 
7.3 Materials and Methods 
7.3.1 Molecular beam epitaxial growth 
WSe2 monolayer, bilayer, and trilayer samples were grown on 250 nm SiOx/Si 
substrates using a Veeco GENxplor MBE system. Prior to loading into the MBE chamber, 
SiOx/Si substrates were first cleaned using acetone, methanol, and deionized water. 
During the growth of WSe2, the substrate temperature was kept at ~400 ºC. A PBN 
effusion cell and an e-bean evaporator are used for the thermal evaporation of Se and W 
sources, respectively. Se flux beam equivalent pressure was measured to be ~3.5×10-7 
Torr; and W deposition rate was ~0.16 Å min-1. The growth rate was estimated to be ~0.7 
Å min-1 and it took ~11 minutes to synthesize one monolayer. Low substrate temperature 
and high selenium flux are chosen to ensure that tungsten atoms can be selenidized 
thoroughly. After growth with a desired thickness, substrate temperature was raised to 
650 oC for 10-minute annealing with continuous Se flux.  
7.3.2 Characterization techniques 
Reflection high-energy electron diffraction (RHEED, Staib Instruments) was used to 
monitor the layer-by-layer growth of WSe2 nanostructures in situ. Beam energy and 
filament heating current was set to 13.5 keV and 1.5 A, respectively. Micro-PL and 
micro-Raman studies were conducted using Renishaw inVia confocal Raman microscope 
with a 514 nm argon laser. The stoichiometric analysis was performed by X-ray 
photoelectron spectroscope (XPS, Thermo Scientific K-Alpha) with Al- Al-Kα 
monochromatic source (hν = 1,486.6 eV) with a spot size of 400 µm. The microstructure 
and morphology were characterized by optical microscope (Olympus MX40), atomic 
force microscope (AFM, Bruker Multimode), and transmission electron microscope 
(TEM, FEI Tecnai G2 F20). TEM operated at 200 kV with a point resolution of 0.25 nm 
with a built-in EDX equipment (Oxford Instruments). 
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PMMA-assisted transfer method was used to prepare samples for TEM imaging. 
PMMA supporting layer for handling WSe2 film was first spin-coated on top of WSe2 
sample on SiOx/Si substrates at 3000 rpm for 30 seconds, followed by a curing process at 
160 oC for 10 minutes. PMMA-coated WSe2 sample was then diced into small pieces and 
immersed into 1 M KOH solution. After one hour, KOH solution etched SiOx sublayer 
away making PMMA/WSe2 film peel off from substrate and float on etchant surface. 
Subsequently, the detached PMMA/WSe2 film was transferred into deionized water to 
remove etchant residues for several times. A TEM grid, or other substrates, was used to 
scoop it out from water surface. Then PMMA/WSe2 film on new substrate was baked at 
65 oC for two hours to enhance the adhesion. Finally, PMMA supporting layer was 
removed in acetone solution. 
7.3.3 Solar water splitting measurements  
WSe2 monolayer samples were placed in a quartz chamber using 
polytetrafluoroethylene holders. 65 ml DI-water was added as reactant that had been pre-
purged with argon gas for 30 minutes to remove the dissolved gases. Afterwards, the 
chamber was sealed with a transparent quartz cover by pumping down for 10 minutes. 
Ahead of water splitting reaction, 1 ml inside gas was injected into a gas chromatograph 
machine (GC, Shimazdu GC-8A) for vacuum configuration. Then solar spectra (~2200 
mW cm-2) from Xenon lamp with AM 1.5G filter was irradiated onto WSe2 sample 
through the quartz lid, driving solar water splitting reactions on the surface of WSe2 
monolayer.  After every 15 minutes, gas production from water splitting was analyzed by 
injecting 1 ml gas sampling into GC using an SGE syringe with valves. For half reaction 
experiments with sacrificial reagents, 13 ml CH3OH with 52 ml DI-water and 65 ml 3 
mM AgNO3 solutions were added, respectively, for water reduction reaction with H2 
generation and water oxidation reaction with O2 evolution.  
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7.4 Supporting Information 
7.4.1 Supplementary figures 
 
Figure 7.4 Optical image of bare SiOx/Si substrate and as-grown monolayer WSe2 sample which covers the two-inch 
substrate continuously.  
 
Figure 7.5 Optical microscopy images of WSe2 films on SiOx/Si substrates. (a) 3 ML WSe2, (b) 2 ML WSe2, and (c) 1 
ML WSe2. Part of the WSe2 material was removed intentionally to expose SiOx surface. Optical microscopy images of 
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WSe2 2D films grown on SiOx templates are shown in Figure 7.5. Note that some WSe2 materials were removed 
intentionally to expose SiOx surface for easy focus and better contrast. Except the intentionally exposed SiOx surfaces, 
there is no discontinuity observed in WSe2 samples, demonstrating large-area WSe2 growth across the entire wafer. 
Moreover, the uniform color shown in the optical microscopy images also indicates the excellent uniformity of WSe2 
samples.  
 
Figure 7.6 RHEED patterns of (a) sapphire substrate and (b) monolayer WSe2.  
 
Figure 7.7 EDX spectrum of monolayer WSe2 transferred onto copper grid.  
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Figure 7.8 Low-magnification TEM imaging of WSe2.  
 
Figure 7.9 (a) UV-Vis transmission measurements of 1-3 ML WSe2 samples. (b) Transparency comparison of 1-3 ML 
WSe2 samples besides a regular ruler.  
 
Figure 7.10 Absorption property of monolayer WSe2 under standard AM 1.5G irradiation. (a) Photon flux distribution 
of AM 1.5G spectra. (b) The absorption properties of monolayer WSe2 sample for photons of different wavelengths. (c) 
Photon absorption property of monolayer WSe2 sample for AM 1.5G spectrum.  
132 
 
 
Figure 7.11 Solar-to-hydrogen conversion efficiency of pure water splitting on monolayer WSe2 under AM 1.5G 
illumination of varied incident intensity. (The solid line is a guide to the eye.) 
 
Figure 7.12 Normalized hydrogen production of water splitting on monolayer WSe2 sample by the volume (a) and 
mass (b) of WSe2 photocatalyst, based on the results shown in Figure 7.3d. 
 
Figure 7.13 Summary of the amount of hydrogen produced after one hour solar water splitting measured under 
identical condition for different samples, including monolayer WSe2 on SiOx/Si substrate, monolayer WSe2 on sapphire 
substrate, monolayer WSe2 with Rh/Cr2O3/CoOx cocatalysts on SiOx/Si substrate, bare SiOx/Si substrate, bare sapphire 
substrate, blank chamber without WSe2 or substrate, bilayer WSe2 on SiOx/Si substrate, and trilayer WSe2 on SiOx/Si 
substrate.  
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Figure 7.14 H2 and O2 evolution measured during repeated cycles of overall pure water splitting on monolayer WSe2 
samples.  
 
Figure 7.15 (a) Raman spectra of monolayer WSe2 sample before (black) and after (red) solar water splitting 
experiment. There is no additional peak introduced after the experiment indicating WSe2 was not oxidized to WO3. (b) 
Illustration of the conduction band edge (CBE) and valence band edge (VBE) of WO3 and monolayer WSe2 together 
with water redox reactions (dash lines) in pH=7 water solution. 
7.4.2 Supplementary notes 
7.4.2.1 Light absorption of monolayer WSe2 
Light absorption properties of 1-3 ML WSe2, as presented in Figure 7.9a, were 
examined by ultraviolet-visible (UV-Vis, Agilent Cary 5000) spectrophotometry with an 
incident light of 200~1000 nm wavelength. Absorption peaks in 600-800 nm range 
represent band edge excitons while others at higher energy correspond to interband 
absorption to higher unoccupied orbitals. The ~97% transparency (see the calculation in 
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Section 7.5.2.1) of monolayer WSe2 makes it attractive for semi-transparent photovoltaic 
applications.[311, 322] Due to strong exciton binding energy of WSe2 monolayer, 
however, electron-hole pairs are difficult to separate which results in low photon-to-
power conversion efficiency.[14, 286, 290, 323] Optical images of 1-3ML WSe2 samples 
on polished sapphire substrates are presented in Figure 7.9b.  
Light absorption property of monolayer WSe2 was analyzed for AM1.5G irradiation, 
shown in Figure 7.10, in order to estimate the maximum hydrogen production and 
quantum efficiency of solar water splitting. Figure 7.10a provides the standard photon 
flux distribution of AM 1.5G spectrum.[324] Fig. S7b shows the absorption of photons 
with different wavelengths for monolayer WSe2, which was derived from UV-Vis data of 
Figure 7.9a using Equation (7-1) following Beer-Lambert law.[50] Then the absorption 
property of WSe2 monolayer under AM 1.5G spectrum is determined by multiplying 
them together, as shown in Figure 7.10c, where the overall absorption percentage is 
estimated to be ~2.51% using Equation (7-2).  Absorption (100%) = 1 − 𝑡𝑡𝑡𝑡𝐺𝐺𝐼𝐼𝑠𝑠𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝐺𝐺𝐼𝐼𝑐𝑐𝑡𝑡 = 1 −  10−𝑔𝑔𝑏𝑏𝑠𝑠𝑔𝑔𝑔𝑔𝑏𝑏𝑔𝑔𝑔𝑔𝑐𝑐𝑔𝑔           (7-1) Absorption of AM1.5G =  ∫𝑝𝑝ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑓𝑓𝜇𝜇𝑜𝑜𝑥𝑥 𝑔𝑔𝑏𝑏𝑠𝑠𝑔𝑔𝑔𝑔𝑏𝑏𝑔𝑔𝑖𝑖 𝑏𝑏𝑑𝑑 𝑚𝑚𝑊𝑊𝑔𝑔2 𝜇𝜇𝑔𝑔𝑔𝑔𝑔𝑔𝜇𝜇𝑔𝑔𝑑𝑑𝑔𝑔𝑔𝑔
∫ 𝑔𝑔𝑔𝑔𝑐𝑐𝑔𝑔𝑖𝑖𝑔𝑔𝑔𝑔𝑔𝑔 𝑝𝑝ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑓𝑓𝜇𝜇𝑜𝑜𝑥𝑥             (7-2) 
7.4.2.2 Solar-to-hydrogen conversion efficiency 
Solar-to-hydrogen (STH) conversion efficiency is calculated by Equation (7-3) using 
the Gibbs free energy (237 kJ mol-1) of H2.  STH =  [𝐻𝐻2 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 �𝜇𝜇𝜇𝜇𝑔𝑔𝜇𝜇 ℎ−1 𝑐𝑐𝜇𝜇−2�×237 𝑘𝑘𝑘𝑘 𝜇𝜇𝑔𝑔𝜇𝜇−1
𝑔𝑔𝑔𝑔𝑐𝑐𝑔𝑔𝑖𝑖𝑔𝑔𝑔𝑔𝑔𝑔 𝑠𝑠𝑔𝑔𝜇𝜇𝑔𝑔𝑔𝑔 𝑝𝑝𝑔𝑔𝑝𝑝𝑔𝑔𝑔𝑔 (𝜇𝜇𝑚𝑚 𝑐𝑐𝜇𝜇−2)×𝑔𝑔𝑔𝑔𝜇𝜇𝑔𝑔 (3600 𝑠𝑠 ℎ−1)]𝐴𝐴𝐴𝐴1.5𝐺𝐺           (7-3) 
Using Equation (7-4) and Equation (7-5), absorbed photon conversion efficiency 
(APCE) and apparent quantum efficiency (AQE) were determined to be ~12.3% and 
~0.31%, respectively.   APCE = [ # 𝑔𝑔𝑓𝑓 𝑝𝑝𝑔𝑔𝑔𝑔𝑖𝑖𝑜𝑜𝑐𝑐𝑔𝑔𝑖𝑖 𝐻𝐻2 𝜇𝜇𝑔𝑔𝜇𝜇𝑔𝑔𝑐𝑐𝑜𝑜𝜇𝜇𝑔𝑔𝑠𝑠×2# 𝑔𝑔𝑓𝑓 𝑔𝑔𝑏𝑏𝑠𝑠𝑔𝑔𝑔𝑔𝑏𝑏𝑔𝑔𝑖𝑖 𝑔𝑔𝑔𝑔𝑐𝑐𝑔𝑔𝑖𝑖𝑔𝑔𝑔𝑔𝑔𝑔 𝑝𝑝ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑠𝑠]𝐴𝐴𝐴𝐴1.5𝐺𝐺                        (7-4) AQE = [# 𝑔𝑔𝑓𝑓 𝑝𝑝𝑔𝑔𝑔𝑔𝑖𝑖𝑜𝑜𝑐𝑐𝑔𝑔𝑖𝑖 𝐻𝐻2 𝜇𝜇𝑔𝑔𝜇𝜇𝑔𝑔𝑐𝑐𝑜𝑜𝜇𝜇𝑔𝑔𝑠𝑠×2# 𝑔𝑔𝑓𝑓 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝜇𝜇 𝑔𝑔𝑔𝑔𝑐𝑐𝑔𝑔𝑖𝑖𝑔𝑔𝑔𝑔𝑔𝑔 𝑝𝑝ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑠𝑠 ]𝐴𝐴𝐴𝐴1.5𝐺𝐺                          (7-5) 
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Solar water splitting performance of monolayer WSe2 photocatalytic cell was further 
investigated, shown in Supplementary Figure 7.11, with varied illumination intensity 
from 100 to 2200 mW cm-2. STH efficiency increases with higher incident light power 
density, possibly due to saturation of recombination sites at high carrier densities.  
7.4.2.3 Raman study after experiments  
Raman scattering spectra were conducted before and after the experiment, as shown 
in Supplementary Figure 7.15a. Previous studies[325] reported that the oxidation of 
WSe2 to WO3 would eliminate the main Raman peak at ~250 cm-1 of WSe2 and introduce 
a new Raman peak at ~805 cm-1 for WO3. However, in our work, we did not observe any 
Raman peak of WO3 after the experiments. In addition, the band edge position [10,11] of 
WO3,[326, 327] Supplementary Figure 7.15b, makes itself unsuitable for pure water 
splitting in pH=7 solution since it cannot straddle the water reduction reaction. This will 
also eliminate the possibility of overall water splitting occurring on WO3 under light. If 
WSe2 was oxidized to WO3, the photocatalytic capability would be rapidly degraded and 
the H2/O2 production rate would be significantly reduced. Our studies suggest that the 
oxidation of WSe2 to WO3 is negligible during the reaction. 
7.4.3 Supplementary table 
Table 7.1 Photocatalytic performance of 1ML WSe2 sample used in this work compared with some typical 
semiconductors for overall pure water splitting. 
Materials APCE % AQE % 
Turn over 
number 
H2 evolution 
rate 
L h-1 g-1 
STH 
% Reference 
1ML WSe2 12.3 0.31 >80,000 1,972 0.145 This work 
CoO nanoparticles N/A N/A N/A 1.6 5 Nat. Nanotechnol., 
2014, 9, 69-73. 
TiO2/Si nanowires N/A N/A N/A 0.021 0.12 Nano Lett., 2013, 13, 
2989-2992. 
Rh/Cr2O3 loaded GaN 
nanowires 
N/A N/A 10,000 96 N/A Nat. Commun., 2014, 
5, 3825. 
Rh/Cr2O3 loaded 
GaN/In0.2Ga0.8N 
nanowires 
68.5 12.3 N/A 124 1.8 Nat. Commun., 2015, 
6, 7797. 
Rh/Cr2O3 loaded 
GaN/In0.22Ga0.78N 
nanosheet 
N/A 19.93 N/A 195 3.3 Nat. Commun., 2018, 
9, 1707. 
Rh/Cr2O3 loaded SrTiO3 N/A 30 at 
360nm 
7.7 0.67 N/A J. Mater. Chem. A, 
2016, 4, 3027-3033. 
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Rh/Cr2O3 loaded 
SrTiO3:La,Rh/C/BiVO4:
Mo sheet 
N/A 19 at 
419nm 
N/A N/A 1.2 J. Am. Chem. Soc., 
2017, 139, 1675-1683. 
NRGO-MoS2 N/A N/A N/A 3.17 N/A Angew. Chem. Int. 
Ed., 2013, 52, 13057-
13061. 
MoS2/G-CdS N/A 28.1 at 
420nm 
N/A 0.04 N/A ACS Nano, 2014, 8, 
7078-7087. 
Cu2O/WSe2/carbon foam N/A 6.8 at 
365nm 
N/A 1.46 N/A Adv. Energy Mater. 
2016, 6, 1600510. 
ZnIn2S4/2 %MoSe2 N/A 21.39 at 
420nm 
N/A 0.06 N/A ChemSusChem, 2017, 
10, 4624-4631. 
CdS/m-TiO2/graphene N/A N/A N/A 0.9 N/A Nano Energy, 2018, 
47, 8-17. 
Al-doped SrTiO3 N/A 5 at 
380nm 
N/A 0.94 0.4 Joule, 2018, 2, 509-
520. 
Ru–SrTiO3:Rh/BiVO4 N/A 1.29 at 
435nm 
N/A N/A 0.028 Nano Lett. 2018, 18, 
805-810. 
2D Black 
Phosphorus/BiVO4 
N/A 0.89 at 
420nm 
N/A 3.6E-3 N/A Angew. Chem. Int. 
Ed., 2018, 57, 2160-
2164. 
TiO2 single crystal N/A N/A N/A 1.36 N/A Energy Environ. Sci. 
2018, Advance 
Article,  
 
 
7.5 Summary 
In this chapter, we have demonstrated the multifunctionality of monolayer WSe2 in 
solar water splitting, including extraordinary capacities for efficient light harvesting, 
water oxidation, and proton reduction. The absorbed photon conversion efficiency 
exceeds 12% for a single monolayer WSe2. We have shown that wafer-scale WSe2 
monolayer sample could be directly grow on amorphous substrates by MBE with precise 
layer control and can exhibit superb optical properties and catalytic performance. This 
work provides a viable strategy for wafer-scale synthesis of multi-functional 
photocatalysts for the development of efficient, low cost, and scalable solar fuel devices 
and systems.  
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Chapter VIII 
 
Conclusion and Future Work 
 
8.1 Summary of Present Work 
The dissertation presented here focuses on the demonstration of high efficiency and 
stable solar water splitting on low-dimensional III-nitride and TMDC nanostructures 
grown by molecular beam epitaxial (MBE) method. Reaction mechanisms of solar water 
splitting on semiconductors are first described, including the fundamental requirements 
on energy band structures for photocatalytic and photoelectrochemical water splitting. 
The ideal attributes of semiconductor photocatalysts and photoelectrodes are further 
discussed, which include relatively large energy gaps straddling water redox reaction 
potentials, strong light absorption, rapid carrier extraction, reduced surface recombination, 
efficient catalytic property, and chemical stability. In this work, we demonstrate high 
efficiency photocatalytic overall water splitting on monolithic multi-band InGaN 
nanowires, stable water reduction reaction and unassisted solar water splitting on p-
InGaN nanowire tunnel junction photocathode, multi-functional GaN protection 
nanostructure for high efficiency and stable unassisted solar water splitting on 
GaInP2/GaAs/Ge triple-junction structure, and wafer-scale synthesis of monolayer WSe2 
on amorphous SiOx/Si substrates as a multifunctional photocatalyst for overall solar 
water splitting.  
Described in Chapter III, we have investigated monolithically integrated quadruple-
band InGaN nanowire arrays for photocatalytic overall water splitting, which achieves a 
record STH efficiency of ~5.2%. To our best knowledge, it is the first time for metal 
nitride nanostructures demonstrating such high efficiency for one-step solar water 
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splitting. The quadruple-band arrays of In0.35Ga0.65N/In0.27Ga0.73N/In0.20Ga0.80N/GaN are 
integrated on a nonplanar silicon wafer for enhanced light absorption. Moreover, doping 
effects on photocatalytic performance by varying the Mg doping cell temperature have 
been investigated and, simultaneously, a polarized doping gradient leads to the presence 
of lateral built-in electric field for metal nitride nanowires, which promotes efficient 
charge carrier separation and extraction for water redox reactions. Several important 
factors are also discussed to further improve the STH efficiency >10%: (1) optimization 
of the design by placing large energy gap materials on top, (2) optimization of the 
deposition of co-catalyst particles, (3) integration of such nanowire photocatalysts on 
reflective substrate surface to further enhance light absorption, and (4) minimization of 
surface recombination by surface treatment or passivation layers. 
In Chapter IV we report on the fabrication and photoelectrochemical performance of 
a monolithically integrated p-InGaN tunnel junction nanowire photocathode on a 
nonplanar Si wafer with relatively high indium composition (up to ~51%), which can 
drive relatively efficient and stable solar-to-hydrogen conversion. The nanowire 
photocathode exhibits a photocurrent density of 12.3 mA cm-2 at 0 V vs. RHE and an 
onset potential of 0.79 V vs. RHE under AM 1.5G one-sun illumination. The maximum 
applied bias photon-to-current efficiency reaches 4% at ~0.52 V vs. RHE, which is one 
order of magnitude higher than the previously reported values for III-nitride 
photocathodes. Significantly, no performance degradation was measured for over 30 
hours solar water splitting with a steady photocurrent density ~12 mA cm-2 without using 
any extra surface protection, which may be attributed to the spontaneous formation of N-
terminated surfaces of InGaN nanowires to protect against photocorrosion. The improved 
performance of p-InGaN tunnel junction nanowire photocathode, compared to previously 
reported InGaN photocathodes, is attributed to following factors: i) strongly enhanced 
light absorption for nanowire arrays grown on non-planar Si wafer; ii) crystalline 
nanowires with efficient p-type dopant incorporation; and iii) nanowire tunnel junctions 
that facilitate efficient collection of photo-excited holes and serve as an electron blocking 
layer to enhance the extraction of photo-excited electrons. 
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In Chapter V we have demonstrated a single junction In0.25Ga0.75N nanowire 
photocathode that can drive relatively efficient and stable unassisted water splitting. A 
true STH efficiency of 3.4% is measured at 0 V vs. Pt counter electrode in 0.5 M H2SO4 
electrolyte under AM 1.5G one-sun illumination. The InGaN nanowire tunnel junction 
photocathode can operate efficiently for ~300 hours without any extra surface protection, 
with the amount of solar energy converted to H2 per unit area being nearly 10-fold higher 
than previously reported semiconductor photoelectrodes in unassisted solar water 
splitting. Beyond this demonstration, such InGaN nanowire tunnel junction photocathode 
can be integrated with a narrow bandgap junction, e.g. Si or GaAs, to form a double-
junction tandem photoelectrode to achieve further improved efficiency for long-term 
stable solar water splitting. The realization of a single junction InGaN photocathode with 
relatively high efficiency and long-term stability is attributed to the following factors: i) 
High crystallinity and significantly reduced dislocations for nanowire structures grown 
directly on Si; ii) Rapid separation of photo-generated charge carriers by optimizing the 
nanowire surface band bending through controlled Mg dopant incorporation; iii) Efficient 
collection of photo-generated holes with the use of tunnel junction; iv) Light trapping 
effect of the nanowire morphology for enhanced light absorption; And v) N-terminated 
surfaces that can protect against photo-corrosion.  
In Chapter VI we report the GaN/3J photocathode for high efficiency, stable solar 
water splitting by using a multi-functional GaN surface protection nanostructure. 
Measured in the two-electrode configuration, such monolithic GaN/3J photocathodes can 
exhibit a true STH efficiency of ~12.6% at zero bias. Moreover, long term stability has 
been demonstrated on GaN protected 3J photocathode for 80 hours in three-electrode 
configuration and 57 hours in two-electrode configuration at zero bias with an STH 
efficiency >10%, which is the best reported stability for high efficiency multi-junction 
semiconductor photocathodes. The multifunctional GaN nanostructure not only 
significantly reduces the charge transfer resistance at semiconductor/electrolyte interface 
but also protects buried III-V materials against corrosion. Such multi-functional GaN 
nanostructure provides a new pathway to protect conventionally efficient, but unstable 
photoelectrodes to achieve both efficient and stable operation for unassisted solar water 
splitting at scale. 
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In Chapter VII we have demonstrated the multi-functionality of monolayer WSe2 in 
solar water splitting, including extraordinary capacities for efficient light harvesting, 
water oxidation, and proton reduction. Wafer-scale monolayer WSe2 can be synthesized 
by van de Waals epitaxial growth on large area amorphous SiOx substrates using MBE. 
We have demonstrated, for the first time, the bi-facial catalytic property of monolayer 
WSe2 in overall solar water splitting, for efficient water reduction reaction and water 
oxidation reaction. The absorbed-photon-conversion-efficiency exceeds 12% for a single 
monolayer WSe2. This work provides a viable strategy for wafer-scale synthesis of multi-
functional photocatalysts for the development of efficient, low cost, and scalable solar 
fuel devices and systems. 
 
8.2 Future Work 
8.2.1 Monolithic InGaN/Si tandem structure for unassisted solar water splitting with 
an STH efficiency >15% 
As described in Chapter IV and Chapter V, we have demonstrated a relatively 
efficient InGaN nanowire photocathode for solar water reduction and unassisted solar 
water splitting, which is monolithically integrated on industry available Si wafers through 
a tunnel junction nanostructure. However, the overall efficiency of such single-junction 
InGaN photocathode is still below 5%. Z-scheme using double-junction structure has 
been proposed and intensively studied to achieve high-efficiency unassisted solar water 
splitting.[62, 185, 186] A theoretical solar-to-hydrogen conversion efficiency ~27% has 
been predicted for a double-junction photoelectrode consisting of a 1.70 eV top junction 
and a 1.05 eV bottom junction under AM 1.5G one-sun illumination.[17] While Si, given 
its narrow energy bandgap (~1.1 eV), scalable manufacturing, and mature fabrication 
process, is ideally suited for the bottom light absorber, it has remained extremely 
challenging to identify a practical top light absorber that is stable in photoelectrochemical 
reaction and can be monolithically integrated with Si. This dissertation demonstrates the 
stable performance of InGaN nanowires, which can be integrated on the bottom Si p-n 
junction to form nearly ideal, current matching 1.8 eV/1.1 eV tandem structure for further 
improved efficiency (>15%), schematically demonstrated in Figure 8.1.  
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Figure 8.1 Schematic structure of the proposed p-InGaN/n+p-Si tandem photocathode, which promises a solar-to-
hydrogen conversion efficiency up to 30%.   
8.2.2 Multifunctional GaN nanostructure protected GaInP/GaInAs double-junction 
photocathode for high efficiency and stable unassisted solar water splitting 
Demonstrated in Chapter VI, the multi-functional GaN nanostructure is a novel 
surface passivation layer for protecting high efficiency III-V photocathode structures 
against corrosion. GaN passivated GaInP2/GaAs/Ge triple-junction structure already 
demonstrates a zero-biased operation >50 hours with an STH efficiency >10% in two-
electrode configuration, which is relatively stable compared to previously reported high 
efficiency III-V photocathodes with a limited stability <1 hour.[11, 17, 22] Therefore, it 
is possibly practical to utilize such GaN protection nanostructure to protect the 
previously-demonstrated GaInP/GaInAs double-junction photocathode showing an STH 
efficiency ~19%, schematically illustrated in Figure 8.2 and 8.3, for achieving relatively 
stable and high efficiency unassisted solar water splitting, with a potential STH 
efficiency >20%, which has been elusive for solar fuel conversion systems. 
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Figure 8.2 Schematic band diagram of GaN protected GaInP/GaInAs double-junction tandem structure as a high 
efficiency and stable photocathode for unassisted solar water splitting. 
 
Figure 8.3 Schematic layer structure of GaN protected GaInP/GaInAs double-junction tandem structure. 
8.2.3 InGaN nanowire photocathode for carbon dioxide reduction 
Recently, greenhouse effect has been an urgent crisis as the result of heavy fossil fuel 
consumption, with increased carbon dioxide (CO2) emission and accumulation.[1, 2, 4] 
H2 fuel converted from solar water splitting, as presented in this dissertation, is one 
method to reduce the consumption of fossil fuels; and another proposed strategy for solar 
fuel conversion is to convert CO2 waste directly to some hydrocarbon chemical fuels, 
such as syngas (CO and H2), methane (CH4), formic acid (HCOOH), and methanol 
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(CH3OH).[232, 328, 329] Since photo-excited electrons are simultaneously required to 
drive water reduction reaction and CO2 reduction reaction, it is feasible to adopt the 
InGaN nanowire photocathode demonstrated in solar water splitting to perform the CO2 
reduction reaction, by simply providing CO2 source into the experiment chamber. In 
addition, compared to the photocatalytic experiments, photoelectrochemical 
configuration offers the advantages of separated reactions on two electrodes, avoiding the 
reverse reaction to oxidize hydrocarbon fuels back to CO2. Compared to conventional 
metal oxides for CO2 reduction, InGaN has the tunable electronic band structure to 
produce various hydrocarbon fuels and to absorb nearly the entire solar spectrum. In 
addition, N-terminated InGaN nanowires have been demonstrated to be stable in harsh 
electrolyte environment, which will be critical for practical solar fuel conversion devices 
and systems. Schematically illustrated in Figure 8.4, we can propose the 
photoelectrochemical CO2 reduction on InGaN nanowire photocathode, in electrolyte 
solutions saturated with CO2 gas.  
 
Figure 8.4 Schematic design for photoelectrochemical CO2 reduction on InGaN nanowire photocathode.  
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